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preface to the third edition 

While maintaining the essential character of the book as 
that»of a guide to the more fundamental practical methods 
and experimental foundations of Physical Chemistry, for the 
U3« of the general student of Chemistry, the attempt has 
been ma^e to extend the limits of the work so as to 
It of service also to the incieasingly large numbei of students 
who now devote themselves moie especially to this branch 
of science. Several fresh subjects of study and new experi- 
mental methods have therefore been added, such as the 
determination of vapour densities by the methods of Blackman 
find of Menides, and the application of vapour density deter- 
minations to the analysis of binary mixtures of normal liquids 
(Chap, in.) j the electrical heating and control of thermos'Sts 
(Chap, IV.) j the measurement of surface tension by the drop 
method (Chap. V,) ; the determination of the molar weight o'f 
dissolved substances by measurements of the vapour pressure 
(Chap. VII,) , the determination of the solubility of spasingly 
soluble salts and of the hydrolysis of salts by conductivity 
njeasurements (Chap. IX.); the measurement of decom- 
position and of ionic discharge potentials (Chap. XI.); and 
the solubility of gases in liquids and of liquids in liquids 
(Chaj). XIV.). * , * , 

Giving to the larger amounj of tin» which is now 
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frequently devoted to practical physical ehemistiy, I have, in 
recent years, felt the necessity of referringf the more advanced 
students to the original hterature for the purpose not on>y 
of providing further experimental practice, but also, more 
especially, of enabling them to obtain a fuller ^knowlecfge 
of the precautions to be observed in accurate sworfe and of 
the degree of accuracy obtainable with a given piece of 
apparatus. I have, in consequence, added to most of th'b 
chapters a number of references to the literature — which *nust 
not, however,, be regarded as m any way exhaustive — by 
means of which the experiments and discussions given in t^ie 
following pages, may be supplemented. 

An Appendix has also been added giving tables of some 
of the more important physical data, so far as they are 
required in connection with the course of piactical work given 
here. Foi further data reference may be made to the excellent 
and convenient set of Physical Tahks compiled by Kaye and 
Lab/,’ or to the much larger Tables of Castell livans or ot 
Landolt-Bornstein-Meyerhoffer, and the Annual Tables of 
D^, Physical, Chemical and Technological, now published. 

A. F. 


Angttsi, 1914. 



PREFACE 

Dcring lecent years it has come to be more widely recognized 
in ouf Universities and Colleges that the couise of study for 
stiHients of Chemistry, no matter to what special branch of the 
subject they may intend to devote themselves later, cannot be 
regaided ts complete or satisfactory unless it include both 
systematic and piactical Physical Chemistry. While, however, 
the student of practical Inorganic or Organic Chemistry has 
at his command an abundant supply of text-books, both 
elementaiy and advanced, the student of piactical Physical 
Chemistry has hitheito been forced to rely, almost entirely, on 
tlie text-bSok of Ostwald or Ostwald and Luther. Alth(>ugh 
this forms in every way an admirable guide and book of 
leference for the advanced worker in Physical Chemistry, it has 
not proved itself suitable as a text-book for the general student 
of Chemistry, whose chief desire is to obtain some knowledge 
of the experimental foundations of the subject. It is, no doubt, 
to the lack of a suitable elementary text-book in which the 
student of Physical Chemistry can find sufficiently detailed 
guidance and diiection m the cairymg out of the more im- 
portant physico-chemical measurements, that the complete or 
almost ciomplete omission of practical Physical Chemistry from 
the oidinaiy course of chemical study fii many «f our British 
• UniVsrsities and Colleges is largely due. 
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?or seveial years- practical Physical Clfcmisl|y has foimed* 
part of the regular laboratory coiKse for Students jrf Chemistry 
in the University of Birmingham; and if is primarily for the 
benefit of these students that the present book has teen 
ivritten. It is hoped, however, that the volume may be of vajj*e 
for other students also, and may help to proi*o#e the more 
general introduction of Physical Chemiatry into tlfa c«uises 
of study in other Universities, 

In making the choice of expeiiments described in the 
following pages, regard has been had to the requirements of Ihe 
general student of Chemistry, and for this reason only typical 
methods and expeiiments, or such as aie of fundamental im- 
portance in the study of Physical Chemistry, have been selected. 
The experiments are therefore designed, as supplementaiy to 
the more or less qualitative demonstrations in the lecture-room, 
not only to familiarize the student with the chief methods of 
experimentation and to assist him in understanding the general 
laws^and principles of Physical Chemistry, but also to establislj 
these more firmly m his memory. 

^With regard to the order of treatment of the different 
subjects, I have followed, for the most part, that adopted in my 
lecture course'. But it is by no means necessary that the 
student should caiTy out the experiments m the order they are 
here described. The different chapters are, as far as possible, 
independent one of the other, and full freedom is therefore left 
to the teacher to take up the subjects in what order he may 
consider best. . * 

Where the time that can be devoted to practical Physical 
Chemistry is ^limited, •it may be found impossible for each 
student ^to perform all the experiments described irf the 
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•follo\ving pagjs. Ih such cases it is very advantageous to group 
related experiments together, 'ind to apportion the experiments 
among a group of students. Thus, for example, one student 
miglit determine the molar weight of camphor in benzene 
(PSf33) j 3-nother, the apparent molar weight of benzoic acid 
^1 benzene (^-^36), while a third might determine the apparent 
molar'werght of sodibm chloride in watef^ (p. 137), In this 
way, each student would learn the method of molar weight 
determination by the freezing-point method ; and by comparing 
his ‘results with tliose obtained by his fellow-students would 
.obtain a very, good idea of the principles involved in the 
different e,fperiments earned out by them. This method of 
working enables each student to cover more ground than he 
otherwise would do, and is much more satisfactory than allow- 
ing two 01 more students to carry out one and the same 
experiment in common. 

In conchftion, I would express my indebtedness to the 
tgvt-book on Physical Chemical Measurements by Ostwald nnd 
Luther, to which all advanced students may be lefeiied; and I 
would also thank my colleague Dr A. du Pre Denning, not 
only for his assistance in reading the proof-sheets, but also for 
the friendly criticism which he was good enough to offer, 

A. F. 


University op Birmingham, 
November, igo6. 
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Calculaliions with Approjjimate Numbers. — Having 
decided the number'of figures to be used in expressbg the 
result of a given measurement, the question still remains as to 
hoTv^many figures are to be retained in a final lesult obtained 
w^fit these aOTroximate numbers by the processes of addition, 
.subtraction, multiplication, or division. 

Ilf the case of Jiddttion and mhtradion of approximate 
niimbers, the greatest appaient error in any of the numbers 
‘gives the maximum apparent error in the final result. Thus, 
if tljiaUiffeient numbers have all the same apparent error, tire 
result wrll also have this apparent error. 

’ 'For ex^rple, in the addition — 


i42'5 

the maximum apparent error in each of the numbers is + 0 og j 
agd this is* also the maximum apparent error in the re^t, 
because the errors in the two numbers of the sum may have 
the same or opposite signs with equal probability, and may 
therefore with equal probability increase or cancel each other. 
If, however, we have the addition — 

22'4 

I20’Io6 

12-2245 

i54’73o5 

the maxin*um apparent erior in the result must be + o'og, 
which is the greatest apparent error in any of tl^ single num 
hers (24-4). Consequently there is ^ derived -"error of 5 units 
in the figuie 3, and the result ougfit therefore to be, written 
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154-7 1 although if the number is^to be used in further calcula- 
tions it IS better to retain, as is usual, oile figure more, i.e. tO" 
use iS4’73- ' •" 

Not only should one not write all the figures 154-7305 as 
the final result, but one should seek to acquire the habit of<4lSt 
writing down the unnecessary figures in the ^umbers to bg^ 
added. Thus, instead of writing i2o-fo6 one should* write 
120-11 ; and instead of 12-2245 one should write 12-22. Jn 
these cases the second figure of the decimal is retained in 
order to avoid introduction of fresh errors m rounding dff j;he 
number. ■ 

With regard to this operation of rounding 0^ a certain' 
number, the rule is that if the number in the pla^ followmg 
the last to be retained is equal to or greater than 5, one unit 
should be added to the last place retained. Thus, if we wished 
to retain only the second place of decimals, we should make 
12-224 into i2'22, 12-225 into 12-23. 

In the case of muUiphcation and division of'irumbers', we 
are. concerned only with the relative errors or proportional 
errors in the numbers, not with the apparent or the absolute 
errors \ and we have to remember that a given relative enor 
in the numbers will produce a conespoiiding relative error in 
the result. Thus, in determining the area of a rectangle, if 
we find by measurement that the sides are equal to 100-0 and 
lo-o cm. respectively, there is a possibility of error in measure- 
ment in both cases. If both lengths have been measured with 
the same absolute error, say o-i cm., then the relative errors 
in the two measurements will be 0-1 and I’o per cent, re- 
spectively. But if the correct lengths were 100-0 and \o-i 
cm. respectively, the area would be not rooo sq. cm., but 
1010 sq. cm., or i^per cent, greater. If the lengths were 
100-0 ^d 5-^ cm. respectively, the area would be 990 sq. cm., 
which again differs from J:he number 1000 by one-hi^jTdredth 
of the total value, i.e. by f per cent. 
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It will, oi' coursq, be qmte evident that the error in the 
^final area caused by^the possible error in the length of loo'o 
ciji. can amount to only o’l per cent j that is, it is negligible 
asVompared with the much greater error -produced by the 
isjjgertainty of the number lo’o. Whenever, therefore, in an 
operation Avtlving the multiplication of factors, the relative 
’^rroi'oin <Jne is’ muclT*greater, say from five«to ten times greater 
than the relative errors in the other factors, the latter errors 
may be neglected altogether, and the error in the result will 
be determined only by the greatest relative erroi in the factors. 

* Suppose therefore that we have to multiply 2'34i6 by 
. 2 '55, and suppose each of these numbers to have the maximum 
apparent ^Tor j then the relative error in the first number is 
S m 230,000, and the error in the second number is 5 in 
2600. Evidently, therefore, the result of the multiplication 
will also have an error of about 5 in 2600, or o‘2 per cent 
Consequently it would be quite incorrect to perform the 
multiphcatjoj;! in the ordinary manner, and write the result as 
5*9710805 for this result has a derived error of 0*2 per cent., 
«r of about I unit in the second place of decimals. Al? the 
figures after this are therefore meaningless, and should be 
discarded, the result being written 5*97. 

What has been said with regard to multiplication holds 
equally for division 5 for in this case also, the greatest relative, 
error in divisor or dividend, if it be five or ten times greater 
than the other relative errors, will determine the relative error 
in the result. (See also p. 16). "> 

Example — 

i: 45 ..>< 5 -680^ 

10*234 

Since 1*45 contains the greatest relative err(?r, viz. 5 in 
1500,* or about 0*3 per cent., the final result wilThave an equal 
relative error from this cause. HeSice there will be an error 
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of about 2 units in the thnrd place of (Jecimalsf or, in other 
words, the 4 is somewhat uncertain, Wg may therefore write^ 
the result 0-805; and for further calculations we may ij^se 

0-8048. / 

Methods of Calculation.— From what has just bg»n 
said, It will be seen tlrat calculations earned out fti (he oidinary 
way frequently involve the manipulation o^a number uAelesf 
figures, and tlrat several of the figures obtained as the result 
of laborious calculation are afterwards discarded altogether as 
meaningless. We are therefore led to consider whether this 
useless expenditure of energy may not be avoided, *' 

In the first place, .much labour may be avoided by adopting 
an abbreviated method of multiplication and divisii^ ; and m 
the second place, labour-saving methods of calculation, 
calculation by means of logarithms or by the slide rule may 
be employed. 

Abbreviated Multiplication. — Suppose that we have to 
multiply together 2-4321 and 0-4562. If we qgiljpulate this, 
we obtain — 


By ordinary multiplication. 
2-4321 
0-4562 

48642 

145926 

r 121605 
97284 


1-10952402 


By abbreviated multiplication 

2-4321 
2654 

97284 

12161 

1459 

49 

i’io9S3 


As regards the method of shortened multiplication, first of 
all, it iS^ill be *se^n that the one number (0-4562) is inserted 
below the other, and the latter then multiplied by each number 
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n * 

of the second row from right*to left, starting the multiplication 
.with the figure direStly over the multiplier m the second row. 
A*iy fraction equal to or greater than o'5 obtained from multi- 
pl^g the preceding figure in the multiplicand should be carried 
SSii. In each case the first figure of the result is placed under 
the unit figSr^of the first multiplication. 

th*e above c^fee we obtain, by long multiplication, a 
rfsult with eight decimal places, while, by abbreviated multi- 
plication, there are only five places of decimals. We have, 
therefore, to see whether the latter result is sufficiently 
accurate. 

•We see that the greatest relative error in the factors is 
about s ii» 50,000 (in the case of the number o'4562), or an 
error of i in 10,000. This will also give us the error in the 
result; and, hence, we see that the 5 in the result is uncertain 
to rather more than i unit. The correct result, therefore, 
should be written I'lops. We see, therefore, that by the 
shortened "method of multiplication we have obtained the 
conect number of figures (the 3 being useful if the resuU is 
required for further calculations) ; whereas, in the case of the 
long method, we have three useless figures. 

One or two rules may now be given for carrying out the 
shortened method of multiplication, so as to obtam a sufficient 
but not too great a number of figures in the answer ; — 

I. When the numbers are of equal length (cyphers follow- 
ing immediately after the decimal point being left out of 
account), one number is inverted under the other, so that the 
left-hand figure of the mverted number stands under the right- 
hafid figure of the other number. It is immaterial which 
number is inverted, except when one of the numbers commences 
with a stnall figure, i up to 3. In (Jiis case, the number 
commencing with the high figure should be inverted. If both 
numb'^rs commence with a low figure, the.jnverted number 
should be moved one place to the right. Thus, I'oai X 
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1*325^ 

izoi 

13*50 

265 

13 

1‘3S28 


The reason for the above method of procedure is to avoid 
errors in carrying over fractions in the multiplication. , 

2. If the two numbers are of unequal length, ^he longei 
number should be inverted undei the shorter. Thus, o'23i x 
7'456S— 


0‘23I 

56547 

1617 

92 


r'720 


Since the last two figures of the longer number aie not 
use 3 , they need not be written down at all. 

A special case, however, should be mentioned If the 
shorter number begins with the figure 5 or a higher figtlre, 
it should be inverted below the longer number j and the 
latter should be rounded off so as to contain only ®ne figure 
more than the shorter number. Or, if the longer number is 
inverted, it sh&q|,d be moved one place to the right. 'Thus, 
S'* 34 X 9 ' 3 — 
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♦5'23 

9‘30 

39 

325 

4707 

4650 

^57 

186 


28 

• 

48-64 


• Since, the apparent error in 9-3 is about 5 in 1000, the 
result of the multiplication may be written 48 6, and for further 
calsulations we may use 48’64. 

Abbreviated Division. — In carrying out abbreviated 
'division, one digit is struck off from the divisor after each 
operation j*and the remainder from the previous division is 
divided by this new divisor. The digit struck off from the 
divisor should, however, be taken into account for the purpose 
of “ carrying.” Thus, o'4265 -r o'3i32 — 

3132)4265(1362 Result = 0T362. 

3132 

1133 

940 

193 

187 

6 

6 


This example will illustrate the method. We have still to 
consider, however, the number of figures in the result. If we 
consider the two numbers to have the^maximum apparent 
error, we see that the greatest error in divisor or 'dividend is 
about ^ in 30,000, or i in 6000. The numb^ of significant 
figures in the result should therefor^ be such tlrat the error is 
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not greater than this. In the .above example, rhowever^ the 
result shows an error of about i m i4cfo (in accoidance with 
the rule given for the number of digits, p. 2). The err^ft in 
the result is therefore too great, and the number of digits too 
few. The division must therefore be carried further. ThrS"— 

-f- r 

3i32)426so(i36r^ Resultr= o^;i3di^7 

3132 

11330 

9396 

1934 

1879 

~SS 

24 

22 

If the dividend is of the same length as, or is^horter than, 
thp divisor, a cypher must be added to it so that „ the error in 
the last figure is great. If the dividend so obtained has few'er 
figures than the product of the divisor with the first figure of 
the quotient, one or more digits must be struck off from the 
divisor. Thus, o'8s6 -j- 0-23354 — 

23354)85'5o( 3666 Result = 3-666. 

ISS4 

r4oi 

iS3 

139 

14 

14 
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In this example, tl^ 4 of Ijie divisor has not been used. 

, If the dividend isdonger than the divisor, it is only neces- 
saiy to use so many figures of it that the last figure involves 
an OTor considerably less than the error in the divisor. Thus, 
4‘Si&346-j- 2 •164. Here the apparent error in the divisor is 
5 in 2o,ooo.* Jf^we took the dividend as 4'S23, the apparent 
error woulS be about# 5 in 50,000, or about half the error in 
the divisor. We shall therefoie use one figure more, and 
round off the number to 4'523S. We then obtain — 

2164)45235(20904 Result = 2*0904. 

4328 

I9SS 

X947 


With a slight mental exertion, the process of division can 
b» still further shortened by carrying out mentally the mufti- 
plication of divisor and quotient, and the subtraction of the 
product so obtained from the dividend, and only writing the 
latter result down. Thus, taking our first example again, 
o' 4265 -4-0*3132, we have the following — 

3132)4265(1362 

193 

6 

The mental opeiations are ; first the muftiplication, figure by 
figure, t)f 3132 by 1, and the subtraction, figure Jjy*figure, of the 
product'from 4265. This gives 1133? Now multiply 3 13(2) by 
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3, and we get 3 X 3 = 9, and c^rying ii.from the previous pro- 
duct of 3 X 2 =■ 6 , gives (1)0, This subtracted from 3 gives 
3; 3 X I = 3, and carrying i gives 4 ; 4 fiom (1)3 givM 9; 
3 X 3 = 9 ; to this must be added i carried in the pre^ous 
subtraction j so that we get 10 from ii = i. Hence w^et 
the line 193 ; and so on. ' 

Logarithms.“In making calculaHons with the-Jaid'bf 
logarithms, the precautions adopted in the preceding me&ods 
for the avoidance of unnecessary figures, are introduced auto- 
matically, if it be so arranged that the number of figures in the 
logarithm is greater by one than the number of figures ifi the 
least accurate of the numbers involved m the calculation.r In- 
this way one ensures that the error in the result ?shall not be 
greater than the error in the numbeis from which the result is 
obtained. If we had to multiply 2-54 X 4’3664 X 0*89676, 
we should use 4-place logarithm tables, and the ’second and 
thiid numbers should be lounded ofF to 4‘366 and o' 8 g 68 . 

The error inherent in the logaiithfti itself, decreases with 
the number of places in the logarithm, each additional figure 
in the logarithm being accompanied by about a tenfold decrease 
in the error. In the case of 4-place logarithms, the maximum 
possible error introduced into a calculation through their use 
may be taken as about i in 3000. For work of moderate 
accuracy, 4-place logarithms will be suflicientj but in some 
cases, the error so introduced is greater than that due to 
experiment, e.f, determinations of density. In the latter cases, 
tlferefore, where the accuracy of the calculation is desired to 
be equal to the accuracy of the experiment, logarithms with 
5 or 6, and even in more exceptional cases, 7 places should 
be used. 

The Slide Rule. — In many of the cases mentioned in the 
preceding pages, we have been deahng with calculations in 
whicK the eiroj^ involved was much less than that usually found 
in any but the best experimental work ; and in none of the 
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experiments c^^scribedin the {pUowing pages will an accuracy 
is calculation be called for greater than can be obtained by 
the^se of 4-place, or, at most, 5-place logarithms. Frequently, 
the accuracy required will be considerably less, 

*«jE’or all calculations, where the required accuracy of ex- 
periment or*c^lculation is not greater than about i in 500, 
the sMe rule is of great assistance. With this instrument 
various degrees of accuracy can be obtained according to the 
size of the rule, but with the ordinary size of slide rule 
(35 cms. in length) the accuracy obtainable may be put down 
at about i in 500 to i in 800. 

• Errors. — The determination of the value of a physical 
property is Always liable to errors of various kinds, so that in 
all cases the result of an observation or measurement is only 
an approximation to the truth. The two chief kinds of errors 
are : constant errors due to some error in the apparatus, or to 
the neglect of certam factors which exercise an appreciable 
effect, and csottdental errors or errors of ohservatton. 

In the case of constant errors, the different values of the 
g^en magnitude may differ by a very small amount from one 
another, but may nevertheless differ by a comparatively large 
amount — the deviations being all in the same direction — from 
the tiue value. It is evident, therefore, that increasing the 
number of determinations will not in that case increase the 
accuracy of the result , and to exclude the constant errors, it 
is necessary to vary the method of observation or to alter the 
conditions of experiment. This also includes calibration''of 
apparatus, purification of materials, etc. 

in the case of errors of observation, the results of the 
different determinations may vary in either direction from the 
truth, «.<?.«the errors may have a positive or negative effect. 
Thus, in volumetric analysis the burette readings may fluctuate, 
so that one obtains suchnumbers asao'aa, 20-36* 20-24, "20-32, 
20-23. * We have, therefore, to decidb which of these numbers, 
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lying within the limits 20 -22 g,nd 20i^6, is ii/;arest to the 
truth. In all such cases, when we are dealing with a senes qf 
measurements of the same property, carried out with the ^me 
care, the best representative number is the arithmetical mem of 
the different numbers. st 

In ceitain other circumstances, individual en'ors of obser- 
vation can be difninished by a graphfc method. ^ Tlnis, "in 
studying the variation of a magnitude with change of 090- 
dition, change of viscosity with temperature, or the alte- 
ration of the freezing-point of a solution with composition, ^the 
best values of the magnitude are obtained by plottmg the 
results, say in rectangular co-oidinates, and drawing a “ smooth' 
curve " so as to take in as many of the individual (Shservations 
as possible. 

In this way one can obtain not only the best values of the 
magnitude under the particular conditions of the experiments, 
but also under other conditions, by tabng the different points 
on the curves (Intef^olatwn). It must, howev6*r-be remem- 
bered that the numbers near the ends of the curve are liable to 
greater errors than near the middle, because the position of the 
curve near its ends becomes doubtful. 

Influence of Errors of Observation on the Final 
Result. — It has already been stated that the value of a magni- 
tude is obtained only by indirect measurement , by the deter- 
mination, that is to say, of another magnitude to which the first 
is related in some definite manner. Thus, if we wish to deter^. 
mirie the length of the circumference of a circle we can make 
use of the relationship, circumference = zwr; and by detei- 
mining the value of rwe can then calculate the value ofi>the 
circumference. The circumfeience is therefore given as a 
product, and as the numbers 2 and w are free fiom error, it 
follows from what £as previously been said, that the relative 
error Ei the fibal result will be the same as the relative errbr in r. 
If we can measure r with”an eiror of only o'l per cent, then 



CALCULATION OF RESULTS AND ERRORS '-is 

the error in the value of the circumference need not be greater 
than o'l per cent. lA is necessary, therefore, that the value 
• which we take for ir should be correct to less than o'l per cent. 

Bht on the other hand, suppose that we wish to determine the 
area.,of a circle by means of the relationship, area = then 
an error of o*? p'er cent, in the determination of r will cause an 
eifbr c& 0'^ per cent., i*r twice as great an er?or, in the result. 

Whenever, therefore, the value of a magnitude is propor- 
tional, directly or indirectly, to the quantity measuied, the 
lelaitive enor in the result will be, numerically, the same as the 
relartve error in the quantity measured. 

. Thus, if * oc j j an error of ± a per cent, in j> will cause 

an error of ^ a per cent, in cr/ or if a: « an error of + a 
per cent, in will cause an error of + <z per cent, in x, 

But when the value of a magnitude is proportional to the 
power of the quantity measured, the relative error in the 
latter will be jjiagnified « times in the result.* 

In the above cases, we have assumed that the value of 
a magnitude depends only on tlie measiiiement of one quanti^. 
But, in most cases a result is obtained by combining different 
kinds of measurements, and the accuracy (tx, the relative 
error) of the final result will depend on the accuracy of the 
several determmations. Thus, the determmation of the mole- 
cular weight by the cryoscopic method, involves measurements 
of weight and of temperature ; the determination of the velocity 
olf a reaction involves quantity and time. Now, it will hS 
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readily understood that some of^ these (yiantities^are capable of 
more accurate measurement than others? but there would be;}0 
advantage in determining some of the factors with very great 
accuracy, if the errors involved in any of the other factors were 
much greater. This should always be borne in mind, as there 
is always a tendency to think that the final refhlt can be in- 
creased in accuracy by canying out euery measurSmee&t "t^th 
the maximum of accuracy of which it is capable. Remember 
that the accuracy of the final result is influenced chiefly by the 
accuracy of the kast accurate measurement ; and if the errors 
in the other factors are considerably less, say five or ten fimes 
less, then they may be neglected altogether. , 

In carrying out any composite determinat 5 ?n, or one 
involving several different kinds of measurement, one should 
first of all, before proceeding to carry out the actual deter- 
minations, ascertain what is the influence on the result of a 
given error in each of the individual measurements j so that, 
on the one hand, special attention may be jjaid to those 
measurements having the greatest influence on the result, and, 
on the other hand, unnecessary excess of accuracy may«'be 
avoided in the case of the other measurements. 

' To do this, write down the expression giving the relation 
between the final result and the different measurements from 
which it is obtained, and then, taking each factor in turn and 
regarding all the others as being constant, determine its in- 
fluence on the final result as described above. Thus, for the 
(ietermmation of the molecular weight by the cryoscopic 

method, we have (p. 125) M = where w and W are 

weights, and if is a temperature difference. It wiU be seen 
from this, that taking each factor, w, W, and d separately, the 
influence of each on the result is the same. But w and W can 
be iCeasured with much greater accuracy than d, so that 'if the 
relative error in d is, sa!>, 2 ner cent.: it will not be hecessarv 
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• 

to determine <£/ and W with a»greater accuracy than o'2 — o'4 
per cent. If, therefcJre, w is about 0-5 gm., and W about 
20 the former need not be weighed to less than i mgm., 
nor me latter to less than about 2 cgms. 

When the relative error of one of the factors is not con- 
si^ably |r^t^ than that of the other factors, the latter have 
also^tlieir influence oQ the accuracy of the "^al result, and it 
cap be shown that the square of the relative error in the final 
result IS equal to the sum of the squares of the relative errors 
of the individual measurements. 

Thus, for the determination of the specific rotation of an 
"optically active substance, we have the formula (Chap. VI.) 
a ^ 

[a] = Suppose that the error m the determination of 
a = o'o5 per cent. ; in the determination of /, o'oi per cent, j in 
the determination of c, o‘02 per cent. Then the error produced in 
the final result will be equal to ± (o'os)* + (o’oi)''* + (o-oa)’ 

= 0.055 per"^ent. In accordance wnth what was said before 
(p. 16) we%iight neglect the erroi o'oi per cent, in cojn- 
p^rison with the error 0.05 per cent. 

Determination of the Error of Observation. — One 
point still remains. We have considered the effect of a given 
error of observation on the final result, and we have now to 
ask how, in experimental work, the error involved in a given 
determmation is gauged. 

The simplest method which we may employ for this purpose 
is the determination of the average deviation of each observa- 
tion of a series from the geneial mean. Thus, m determining 
the ^ngle of lotation of an optically active substance, the 
followmg values weie successively read : 27'84° 27'83°, 27'84°, 
27-80° 27-82°, 27-84°. The mean of thesejaumbers is 27-828°. 
The deviations of the individual readings from the mean are 
(neglecting sign) 1 o'ora, 0-003, 0-012, 0-028^ 0-008, 0-012. 
The sum of the six numbers is 0-075 ; and the average deviation 
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is therefore o'oia'’. The error^n the (ieterminatiop is there- 
fore rather less than i in 2000, or about ^'05 per cent. r 
The result can be obtained more correctly with the he^ of 
the theory of probabilities. On the basis of this theory the 
mean error which may be taken as attaching to each determi- 
nation IS given by the expression ^ 



where is the sum of the squares of the deviations of the 
individual determmations from the mean, and n is the nunjber 
of the determinations. Applying this in the above case we 
obtain for the mean error of each detetmmaBon - 

± , 6 .. 

in units of the third decimal place ; or, the mean error of each 
determination is ± o-oi6®. 

On p. 14 it was stated that the best representative value 
of a series of measurements is the arithmeticarmean of the 
different values. To this mean value, however, is also attached 
an error, and the mean value of this error, or the mean error of 
the mean, is given by the expression 



In the case of the above series of measurements, therefore, the 
mean error of the mean is equal to 

■ ± . 6-6 
V 30 

in units of the third decimal place, and this is indicated by 
writing the final value of the determinations in the form. 
27 ■828'’ ± o'oo7° Increase in the number of separate measure- 
ments will diminish the value of this mean error of the mean, 
but does not" (Jiminish the value of the mean error 'bf the 
individual determinations? 



'’chapter II 

DETMRMINATIOm OF WEIGHT AND VODUME 

Before engaging on any physical measurement, it is of 
&sset?tial importance either to satisfy one’s self that the diffeient 
apparatus tc* be employed in the measurements are accurate, 
within definite limits, or to determine the errors attaching to 
the apparatus in order that the necessary corrections may be 
applied. The limit of accuracy which one can hope to attain 
will, of course, differ in the case of different instruments and 
apparatus, for'all are not capable of the same degree of 
accuracy ; it ^is necessary, therefore, to ascertain what is the 
degree of accuracy of each instrument or piece of apparatus. 
Since the apparatus for the determination of weight (or mass) 
and of volume are those most generally concerned, either 
directly or indirectly, in chemical or physico-chemical measure- 
ments, we shall first consider the methods of calibrating them. 
The methods of calibrating other measuring instruments will 
be described as occasion arises. 


The Balance 

The determination of the mass or weight ^ of a body is one 
of the most fundamental of physical measurements, and it is 

’ Th^ weight of a body is proportional to the mass, being equal t» the 
mass multiphed by the force of gravity. Whije the mass ftmains constant, 
the weight will vary with the place. " 
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also one which is capable of aovery high degree of accuracy. 
With a balance such as is employed lil chemical analysis, it 
is not a matter of great difEculty to determine the weigljt oi ' 
a body, weighing say about loo gm., with an accuracy of one 
part m one hundred thousand. Indeed, the accuracy of the 
balance is m many cases greater than the accyracy with which 
a body can be defined or reproduces. Thus, in wtsiffnng 
vessels or apparatus of glass or other material before and after 
they have been used in an experiment, the difference in weight, 
due to the handling, the manner of drying the apparatus, etc., 
may sometimes amount to at least several tenths of a milligram, 
while the accuracy of the balance itself might quite well sllow 
of the weight being determined to less than onc-tenth of a 
milligram. 

After a balance has been placed in position and levelled, 
it should be tested with regard to its adjustment and its 
sensitiveness. 

The first requirement which a balance must^atisfy is that 
it„shall be consistent with itself; i.e. successive determinations 
of the weight of an object must be in agreement. From ?he 
closeness of agreement between the different weighings, the 
accuracy of the balance can be j'udged. 

Determination of the Zero Point. — Before using the 
balance, and also from time to time during a set of weighings, 
the zero point, or the position of rest of the beam when 
qploaded, should be determined. This is done by releasing 
the beam and allowing it to swing free. R.eadings are then 
taken of the extreme points on the scale reached by the 
pointer on either side of the middle line ; two readings'being 
made on one side of the middle line, and one on the other, 
the first swing being neglected. Suppose that the toning 
points on the right of the middle line weie 6'o and 5’S, while 
the turning point on thg other side was 5-7 ; then thp* turning 
point on the right corresponding with the point 5-7 on the 
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left IS ^ ° = S'S.* The cftiTesponding turning points are 

.therefore equidistant from the middle line, and the zero point 
IS thitefore correct. 

On the other hand, suppose that the following turning 
points were ffbs'erved, the readings to the right being called 
pob'tJsS) and those to the left negative — ■ ■* 


then, the turning point on the right corresponding with that 
©n the left is — — — = + 5-8, and thq resting point is 

therefore — — = + 07 ; i.e. the zero is 07 division 
to the right. Or again, suppose the turning points to be — 


then the corresponding turning points aie - 6-5 and + 4'8, 
anS the zero is therefore ^ ^ = — 0*9 ; ue. eg of a 

division to the left of the middle line. 

Rule. — ^To find the position of rest, take the mean of the 
two readings on the one side, and divide the algd/rat'c sum of 
this mean and the reading on the opposite side of the middle 
Ime by 2, the result gives the scale division corresponding 
with the resting point, and the sign (+ or — ) indicates oU 
Which side of the middle Ime the zero lies. 

Two or three determinations of the zero point should be 
made, and the mean taken. With a good balance the different 
determinations should not differ by more than one or two 
tenths of a scale division. 

Unlass the zero point is considerably removed from”* the 
middle lifte, the adjustment of the balance need not be altered ; 
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but if it should be in excess pf one ^cale division, the zero 
point should be corrected by means Of the small screws ^t , 
the ends of the beam, or of the metal flag which is ^ove- 
the centre of the beam. 

Sensitiveness ol a Balance — Weighing by Oscilla- 
tions. — In determining the weight of a bodjf, freights to the 
nearest centigram are placed on the sc£le-pan of file feiSace, 
and the milligrams and fractions of a milligram then determmed 
by means of the rider. The fractions of a milligram can, 
however, be determined more accurately by the method of 
oscillations. As this depends on the sensitiveness of the 
balance, the latter must first be determined. f 

By the smstfiveness of a balance is meant the'Sisplacement 
of the resting point of the beam produced by an excess 
of I mgm. on either side of the balance. The sensitiveness 
varies with the load on the balance, although, as a rule, not 
to any great extent, and should be determined, therefore, with 
different weights in the scale-pans. To obtain the sensitiveness 
of a balance, place on one side of the balance a given weight, 
and counterpoise it to within i mgm. by means of weights 
and nder. Determine the resting point by the method given 
above. Now alter the position of the rider by an amount 
corresponding to i or 2 mgm., in such a direction that the 
resting point is now on the other side of the zero point. The 
sensitiveness is then given by dividing the number of scale 
divisions between the two resting points by the difference of 
weight in milligrams. 

Example. — Suppose that with the weight io'3S4 gm. the 
resting point is found to be -f r'2 j and with the weight 
io’35S gm. the resting point is — o- 8 . Then, the displacement 
of the resting point by a difference of weight of i mgm. is z'o 
scale divisions; and the sensitiveness is therefore 2-0 scale 
divisions for g, load of 10 gm. 

The sensitiveness caSi be increased or diminished liy raising 
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or lowering t^ie centre of gravity of the swinging parts of the 
balance by ineans of,the so-called grayity bob, with which the 
Better balances are furnished. Increase of sensitiveness, 
hoover, entails increase in the time of swing, and should not 
be carried too far. 

Having ^determined the sensitiveness of a balance at a 
o* diffAent l(;ipds in the above manner, the operation 
of weighing can be shortened, because it is only necessary to 
■adjust the weight to the nearest milligram, and to determine 
the restmg pomt, provided the zero point has been previously 
determined. The fractions of a milligram can then be calcu- 
lated from the difference between the resting point with a given 
weight and;^he zero point, and the sensitiveness of the balance. 

Example. — Suppose that the zero point of the balance is 
+ o‘5, the resting point with the weight io'354 gm., + V2, 
and the sensitiveness 2 o scale divisions. Then tire additional 

weight required is = 0-35 mgm. The correct weight 

is therefore ro-3543S gm. 

, We have here given the weight to five places of decimals, 
but whether or not the last place has any meaning, will depend 
on whether the weight of the object which is being weighed 
remains constant to within one or two hundredths of a milh- 
gram. If it may vary by some tenths of a milligram, it -will 
evidently be absurd to state the weight to five places of deci- 
mals. To weigh correctly to' one or two units in the fifth 
decimal place demands experience and great care, so that»m 
ordmary work a greater accuracy than one or two units in the 
fomjh place of decimals cannot be expected. 

As in all our work we shall be concerned only with differ- 
ences in weight, a slight inequality m the length of the arms 
of the beam will have no influence, provided the object to be 
weiglipd is always placed on the same side of the balance. 
This, of course, should be made a n^e. 
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It should be unnecessary to emphasize here that accurate 
weighings can be expected only if the jjalance is kept clean 
and free from dust, and if the beam is released and arresteS 
in such a manner as not to cause jarring of the Icnife-ed^es. 
The beam must never be released with a jerk, and should be 
arrested only when the pointer is passing the KiidHle point of 
the scale. The bahnce, also, should not^e expbsed Oo ujs^al 
heating, and should not, therefore, be placed in a window 
exposed to direct sunlight. 

Calibration of Weights. — Even after the adjustment 
and accuracy of the balance has been tested in the maicier 
described above, the accuiacy of the weighings will still depend 
on the accuracy of the weights employed. Before (undertaking 
accurate weighings, therefore, it is necessary to determine the 
errors in the weights j and even in cases where great accuiacy 
is not aimed at, a set of weights should always be calibrated, 
for errors of quite appreciable magnitude are sometimes found, 
even in expensive sets. 

The method usually employed for the calibration of weights 
is that due to Kohlrausch, which is described below; and \ye 
shall assume that the set of weights consists of the following 
pieces — 50, 20, 10', xo", 5, 2, i', i", x'" gm. weights, and cor- 
responding fractional parts. 

Havmg determined the zero of the balance, the so-gm. 
weight is compared with the sum of the others. In order to 
determine the ratio of the balance arms, the method of double 
w«Mghings is employed ; and the resting point is always deter- 
mined by the method of oscillations. 

Place the so-gm. weight on, say, the left scale-pan, an(| the 
weights from 20 gm. downwards on the right, and determine 
what weight, if any, must be added to the weights on the right 
or left in order to gfVe exact counterpoise, he. in order that the 
resting point coincides with the zero pomt of the balance, ..Now 
interchange thd" weights, i^acing the so-gni. weight on tlie right 
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and the other' weights ^on the left, and determine what weight 
must now be added tft the left or right, in order to obtain exact 
counterpoise. In this way we obtain the two equations — 

50 = 20 + 10' + 10" + s + 2 + i' + i" + i'" + r gm. 

20 4 - 10' 4 - ro" + . . . + / gm, = 50 
From thes§ two^weighings we obtain — ^ 

SO = 20 + 10' + 10" + . , . + ^ (r + /) 

If, however, we know the ratio of the balance arms,i then 

only* one weighing is necessary, because, from the theory of 
levet;^, a weight w placed on the right pan is equivalent to a 

weight ze/ X on the left. Thus, suppose we have found the 

ratio ^ = t 000009, and suppose we have also obtained the 
weighing — 

-SO gm. (standard) = so + o’oooi 
then we obtain— 

SO gm. — o'oooi = 50 X I'ooooop = 50 - 1 - o'ooo4S 
Theiefore the true value of the so-gm. weight is — 

50 (standard) — o’oooss = 49‘999S gm. 

As the value of the ratio ^ varies slightly with the load, it 
should be determined with different loads — say with 50 gm. 
and with 20 gm. on each scale-pan. The value found in the 
second case can then be used for the smaller weights, for in 
general the correction is so small as to be negligible. 

One proceeds, in the manner described above, with the 
comparison of the other weights among thejpselves, comparing 

' The<atio of the balance arms is given by the expression ^ = I 
where I ancl r have the meaning given above. • 
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the 20-gm. weight with the sum of lo' lo", i6' witli lo", lo 
with the sum of 5 + 2 + i' + i" + with i' + 1", i' with 

i" and with i'". Similarly with die fractions of a gram. Tn 
this way the relative values of the different weights ard^ob- 
tained, and if we know the exact value of any one of the pieces 
(by comparison with a standard weight), we cSn ^calculate the 
correct values of tSie other pieces; or w^ can &sumC sorrwKine 
of the weights to be correct, and reduce the values of the others 
to that unit. This method is sufficient where we are dealmg 
only with relative weighings. 

The following example will make the method quite dear. 
The weighings should be made to the fifth place of decipials 
by the method of oscillations. In the example below, the 
numbers have been rounded off to the nearest tenth of a 
milligram. 

Example : — 

I. 50 gm. (standard) = 50 + o’oooi 

50 + o’ooio = 50 gm. (standard) 
hence 50 gm. (standard) = 50 + J(o'ooio + o'oooi) 

= 50 + o'ooos " 

Therefore 50 = 49-9995 gm. 

Also, = 1-000009 

50 + 0-0057 = 20 + 10' + 10" + etc. 

20 + 10' + 10" + . . . = 50 + 0-0049 
hence 50 = 20 + 10' + 10" + . . . — 0-0053 

K- 

and = 1-000008 

20 = 10' + 10" + 0-0017 
10' + 10" + o'ooiS = 20 

hence 20 — 10' + 10" +■ 0-00 1 8 

apid i-oooooi 
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4, '• 10' + 0*0002, ^ = I'OOOOOI 

.*. 10' =: 10" + O‘00Q2 

s. 10' -4 owo^2 =J. 5 4- 2 + i' + i" + i'" (^Neglect 

, • ?*. 10' =>» 5 + 2 4- 1' 4- l" 4-J*"' — 0‘0023 

■ 6. 5 = 2 4- i' + i" 4- 1'" - 0-0026 

and so on. 

By comparison with the standard weight we found that the 
piece marked 50 has the mass 49-9995 gm. 

From weighing (2), we therefore obtain— 

49'999S giTa- = 20 4- 10' 4- 10" 4- . . . - 0-0053 
or, 20 4- 10' 4- 10" 4- . . . = 50-0048 gm. 

But from the relationships found above, we can write — 

*20 4- 10' 4- (10' - 0-0002) 4- (10' 4- 0-0022) = 50-0048 gm. 
or 20 4- 10' 4- 10' 4- 10' = 50-0028 gm. 

Fuither, 20 = 10' 4- 10" -+- 0-0018 

= 10' 4- (10' — 0-0002) 4- o-ooi8 
= 10' 4- 10' 4" 0-0016 

Hence (10' 4- 10' 4- 0-0016) 4- 10' 4- to' 4- ro' = 50-0028 gm. 

or 5 X 10' = 50-0012 gm. ^ 

therefore ro' = 10-0002 gm. 
and 10" = lo'oooo gm. 

• 20 = 20-0020 gm. 

and similarly with the lower weights. ^ 

Correction for the Buoyancy of the Air.— In exact 
determinations of the weight of a bo(^, the apparent wei^t, i.e, 
the sum of the face values of the vftights used (corrected as 
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described above) must be correpted forr the bugiyancy of the 
air ] for a body will appear lighter by 'hn amount equal tp 
the weight of the air displaced. The greater the difference 
in the density or the specific volume of the body and the 
weights used to counterpoise it, the greater will be the 
correction. 

If we have a bSdy of the density d munterpoisefi bj^^rSss 
weights of the value G gm., the volume of the body will be 

^ C.C., and its weight will therefore be diminished by 

° ~ V ~ o‘ooi2 gm, is the weight of i c.c. of air 

under ordinary conditions (mean room temperatere, normal 
pressure, and average humidity). The true weight of the body 

would therefore be (^G + gm-j if the true weight of 

the counterpoise were G gm. But the brass weights by which 
the body is counterpoised have a volume equal to ^ c.c., where 
8 'S" is the density of brass; and they therefore suffoi a diminu- 
tion in weight of — ° gm. The true weight, Go, of the 

° 5 

, , . . 1 . o'ooiaG o’ooizG 

body is therefore equal to G -| ^ ^ , or 


= g(x 




In Older, therefore, to obtain the true weight (i.e. the weight 
which the body would have in a vacuum) of a body weighed 
in air with brass weights, we must add to each gram appare7u 

weight (G) the quantity — o'oooi4j gm. The follow- 

ing table given^y Kohlrausch gives the value of thiscorr-ection 
in milligrams for different%alues of d : — 
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Correction 

» d * 

Correction. 

^ 1 

Correction. 

.V7 

+ I-S7 

2-0 

4- 0-4S7 

9 

- O’OIO 

o'8 

+ 136 

2-5 

4- 0-337 

10 

- 0-023 

0-9 

+ rig 

3-0 

4- 0-257 

II 

- 0-034 


I '06 

3’5 

4-0-200 

12 

0-043 


. +<»'95 
+ 0-86 

40 

4-0-157 

, *3 

-0-051 

’ 

4-5 

4-0124 

14 

- 0-057 


+ 078 

S-o 

4- 0-097 

15 


. I 4 

4-071 

S'S 

4-0-075 

16 

I 5 

4- o‘66 

6 0 

4- 0-057 

ll 

— 0-072 

I -6 

4- o‘6i 

6-5 

4-0-042 

— 0-076 


4-0 56 

7-0 

4- 0-029 

19 

— 0 080 

4 -o'S 2 

Vo 

4- 0-017 



1 9 

4 -o '49 

4-0-007 

21 

— o'oSo 


Calibration op Volumetric Apparatus 

For volumetric work flasks, pipettes, and burettes are 
employed, which are constructed and marked so as to take up 
or deliver a definite volume of liquid. The apparatus were 
formerly graduated according to the method of Mohr, wjio 
to*ok as the unit the volume of i gm. of water at 17 '5° when 
weighed in air with brass weights. Evidently, this volume will 
difier from the true cubic centimetre {t.e. the volume of 1 gm. 
of water at 4°, the weight being leduced to vacuum), owing to 
the neglect of the buoyancy of the air, and the change of 
volume with the temperature; and is, indeed, 2*4 parts per 
thousand greater than the volume m true cubic centimetres. ^ 

In volumetiic analysis this method of graduation gives rise, 
of course, to no error, because the volume measurements with 
the (xifferent apparatus are only lelative. It is, therefore, of no 
consequence what volume is taken as the unit, provided the 
same unit is employed throughout for the different apparatus. 

The case is, however, very different when the volumetric 
apparatus is to be used foi the purpose of preparing solutions 
of definite concentration, or for ofher purposes where the 
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different apparatus are used independently ; in 'this case the 
apparatus must be giaduated in true cubic centimetres. 

In order to determine a given volume, one determines/he 
weight of a liquid, generally water (distilled), required to fill 
the volume, the weight being reduced to vacuuip. ^To save the 
trouble of making this reduction, use can be made of the 
following table, which gives the volum^(in tme cubic '‘SSiti- 
metres) corresponding to an apparent weight of i gm. of water 
{i.e. weight in air) j and the apparent weight of i c.c. of water, 
at different temperatures. The table applies only when;the 
weighings are carried out with brass weights. 


Temperature. 

Apparent weight of x c c. 
of water. 

Volume corresponding 

10° 

0 99S6 

1*0014 

n° 

0-9985 

1*0015 


0-9984 

1-0016 

13° 

09983 

1*00x7 

14° 

09982 

1-0018 


0-9981 

6*0019 

16° 

0-9979 


If 

18° 

0-9977 

0-9976 

1-0023 

19° 

09974 

1-0026 

20° 

0-9972 

1-0028 

21° 

0-9970 

1-0030 


0-9967 

1-0033 

23° 

0-9965 

1-0035 

24° 

09963 

roo37 

25° 

0-9960 

1-0040 


Calibration of Measuring: Flasks. — For the purpose of 
measuring definite volumes of liquid, as, for example, in making 
solutions of definite concentration, flasks of various sizes, pro- 
vided with fairly loE^ necks are employed. These should be 
fittecLwith accurately fitting, ground-in stoppers (hollow stoppers 
being preferable to thoserof solid glass), and are made^so as to 
contain a definite, whole number of cubic centimetres of a 
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liquid when fiRed up W a ring marked on the neck. The bulb 
of, the flask should he* of such a size that the volume mark is 
nfeait>,the lower end of the neck. 

With regard to the width of the neck, this should be of 
such a size that ,the error in reading the volume is not greater 
than the allowable error in the calibration of^volu- 
metritS^pparatus, whic 3 may be taken as 0-05 per 
cent of the volume measured. In the case of 
smaller flasks, for 50 c.c. or less, the Regnault 
flask (Regnault pyknometer) is very useful. This 
has a very narrow neck, so as to diminish the error 
m readmg; and in order to obtain suflicient air- 
space to ensure ready mixmg, the neck is widened 
at the top (Fig i). 

Although the flasks made by the best niakeis 
will, as a rule, be found sufficiently accurate, no 
flask should be employed for accurate work with- 
out being tested. 

To calibrate a flask, the latter is first cleaned 
and thoroughly dried; it is then counterpoised on a balance, 
and distilled water, having a temperature of 15° to xS®, is run 
into the flask until the lower edge of the meniscus stands at 
the level of the volume mark on the neck. Any water which 
may have got on the neck above the mark should be removed 
by means of filter paper. The weight of the water is then 
determined. (For flasks having a volume of 200 c.c, upwards,, 
the weighings should be carried out on a balance, which need 
not be accurate to less than a centigram ; in the case of smaller 
flasks, "the weighing must be done on a more sensitive balance.) 

Havmg determined the weight of water contained in the 
flask up to the mark, the volume can be obtained from the 
table given above. For example, since an apparent weighj; of 
1000 gifi,^ corresponds with a volume«at 17° of* ioo2'3 c.c., 
the true volume of the flask is obtained from the expression 
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^ ~ °Loo weights employed. If the 

error is at all considerable, a second ring, corresponding^ith 
the volume of looo c.c. (or other volume, according to the 
flask), should be etched on the neck. 

It may also be necessary sometimes to graduate a flask for 
one’s self. In t^iis case the flask, alTer being cleanST and 
dried, is counterpoised on a suitable balance; the necessary 
weights are placed on the scale-pan, and distilled water is then 
poured into the flask until equipoise is obtained. In this 
case the last few cubic centimetres should be introduced by 
means of a pipette, any drops of water which may have formed 
on the upper part of the neck being first removed by filter 
paper. Since from the table we learn that the apparent weight 
of I C.C. of water at 17” is 0*9977 gm., the weights necessary 
for any given volume can be calculated. 

Marking a Ring on the Neck.— After the necessary 
amount of water has been introduced into the flask, the latter 
ig placed on a level table, and a strip of gummed paper is then 
fixed romid the neck, so that its upper edge coincides with 'the 
lower edge of the water meniscus. The water is then emptied 
from the flask, and the neck coated with a thm, uniform layer 
of paraffin wax, extending some distance on either side of the 
gummed paper. When the wax has become cold, a ring is cut 
by means of a knife along the upper edge of the gummed 
^aper. The exposed glass is then etched by means of hydro- 
fluoric acid, the acid being rubbed into the cut in the wax by 
a little mop of cotton-wool wound lound the end of a stout 
copper wire. ^ 

Calibration of Pipettes.— Pipettes are calibrated by 
weighing the wat^r which they deliver. In canying out the 
calibration, however, several piecautions must be observed if 
an accuracy ,9f 0*05 per ceqt. is to be obtained. Imthe first 
place, it must be seen that the glass of the pipette is*free from 
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all gieasiness„so that the wat^ runs from the pipette without 
leaving drops behind. • If necessary, therefore, the pipette must 
firsl^be thoroughly cleaned. This is best effected by filling the 
pipette seveial times with warm concentrated sulphuric acid, to 
which a quantity of a solution of potassium bichromate has 
been added, 8r &e pipette may be left for some time full of the 
acid f»ichromate mixtulte.’ If the liquid is suflced up by mouth, 
care must be taken not to suck the solution into 
the mouth. As this sometimes happens, owing to 
the end of the pipette being inadvertently raised 
above the level of the solution, it is wise to attach 
to the end of the pipette a safety tube of the form 
shown in th^figure (Fig. a). 

Again, attention must be paid to the way m 
which the pipette is allowed to deliver, and also 
to the time of delivery. In allowing a pipette to 
deliver, place the end agamst the side of the vessel 
into which the liquid is being run, and immediately Fig. 2. 
the liquid ceases to flow, blow through the pipette 
and then withdraw. The pipette, also, must not be allowed to 
deliver too rapidly, otherwise varying amounts of liquid will 
be left adhering to the sides, and, consequently, the volume 
delivered will vary. The time of outflow must therefore be 
regulated so that the time required for deliveiy is from 40 to 
50 seconds. This can be effected by partially closing the end 
of the pipette in the Bunsen flame. 

Having cleaned and regulated the time of outflow of thS 
pipette, the position of the mark on the stem is determined 

apprcflcimately. To do this, a mark is made on Stem with a 
pencil for writing on glass, or with ink ; distilled water is drawn up 

‘ When not in use, pipettes should be kept staiiding in a tall cylinder 
full of the bichromate solution, or be laid, filled with the bichromate solu- 
tion, in a horizontal position ; the glass will in this way be prevented'fiom 
becoming greasy. The pipette is then rinsecSout two or'\hree times with 
distilled waterr before use. 
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to this mark, and then allowed tejt flow into a previously weighed 
stoppered or corked flask, and the weiglft of water determined. 
According as this weight is greater or less than the desired 
amount, a strip of gummed paper, with sharp cut edge, is 
placed round the stem of the pipette below or above the first 
mark ; water is sucked up into the pipette, its leVel adjusted to 
the upper edge 'of the paper stop, affid the weight oS^ater 
delivered determined. If the correct position has not yet been 
obtained, another strip of paper is fixed round the stem, and 
another weighing of the water delivered is made. Some idea 
of where this second strip must be placed wdll be obtained t'rom 
the difference between the first two weighings and the distance 
of the two marks apart. The second strip shoiud be fixed at 
such a pomt that the weight of water is on the opposite side of 
the correct weight from that given by the first strip ; i.t. if the 
former weight was too small, the second strip should be placed 
so as to give too great a weight. Havmg in this way deter- 
mined two points on the stem of the pipette, such that the 
weight of water delivered is too great in the one case and too 
small in the other, the correct position of the'mark can^be 
calculated fairly appioximately from the difference of the two 
weighings and the distance of the paper strips apart. A third 
paper strip should then be placed at the calculated point, and 
the correctness of the position tested by weighing the water 
delivered. Three concordant weights, the mean of which does 
not differ &om the correct weight by moie than o'os per cent., 
"must be obtained. To obtain the correct weight, we agam 
make use of the table on p. 30, in order to find the apparent 
weight corresponding with the volume desired. The tempera- 
ture of the water used should be that of the mean room 
temperature, 15° to 18°. 

The position of the mark on the stem having been deter- 
mined, a lingers etched as explained on p. 32.’- '• 

’ The calibration as carried out above is valid only for water and 
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For-certain-<purposes {vide Gbap. IX.) pipettes are required 
.to ifike up a definite volume of Uqmd. To calibrate a pipette 
for tUis purpose, a stoppered flask containing distilled water is 
weighed ; water is then drawn up to a mark on the pipette, and 
the amount thjjs yithdfawn determined by reweighing the flask 
and water. ^The <;orrect position of the mark,pn the pipette is 
detentffiied by trial in me manner described above, and the 
correctness of the position tested by repeating the operation 
several times, as in the previous method of calibration. In order 
that ^Jie amount of water adhering to the walls of the pjpetto 
shall be as nearly as possible the same each time, the p petle 
should be placed in an upright position, with 
the point resting on filter paper, and allowed 
to drain for about five minutes. 

Calibration of Burettes. — Burettes are 
most simply calibrated by the Ostwald method 
with the help of a small pipette (generally 2 
C.C.), the volume of whiqh has been accurately 
determined (iFig. 3). The 
calibration pipette is attached H 

to the burette in the manner || 

shown in the figure (Fig. 4). 

If the burette is furnished with 
a glass tap, the clip I is 
omitted. The pipette may be 
kept in position by means of 
a loop of copper wire passing 
round the burette and the 
upper eiid of the stem of the 
pipette. 

Before use, the burette 



aqueous solutions. Where the pipette is to he used for other liquids, .1 rc-le- 
termination of the volume of liquid delivered shoifld be made by dividiiit; fiie 
weight dehvered by the density of the liquid at the particular temperati’u. 
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and the pipette must first tfe thoroughly cleaned With bi- 
chromate and sulphuric acid (p- 33)- The pipette is then" 
attached to the burette, and the latter filled full with Water. 
The clip I (or the stop-cock of the burette) is tlien opened 
so as to fill the side tube of the pipette ?ud the lower 
part of the latter below the mark care ‘heing^ tato that 
all air-bubbles are driven out of the tubes. The level of the 
water is then adjusted so that it stands at the zero mark on 
the burette, and at the mark a on the calibration pipette. The 
clip I is then carefully opened, and water allowed to flowr.from 
the burette until it reaches the mark b on the pipette. We 
have thus withdrawn a definite volume (say 2 ^.c.) from the 
burette, and the reading on the burette is compared with this. 
The clip II is then opened, and water allowed to run from the 
pipette until it reaches the mark a, and is collected in a small ' 
flask which has been previously weighed. The flask should be 
kept corked except while water is being run into it. A further 
2 c.c. of water is allowed to run from the burette, and a reading 
again made; chp II is again opened, and water -allowed to run 
from the pipette until the level falls to a; the water being 
again collected in the weighed flask. These operations are 
repeated until the water has been run down to the lowest mark 
on the burette. The total weight of w-ater thus run off is de- 
termined, and from this the volume of the calibration pipette 
is obtained. Knowing the volume of the pipette, and the 
corresponding readings on the burette, the corrections for the 
latter are obtained. Thus, suppose that the volume of the pipette 
was found correct, equal to a c.c., and that the readingg, on the 
burette, after successive withdrawals of 2 c.c., were I'pp, 3’96, 
5-98, 8"02, io’oz, ii'pB, etc., then the corrections to be applied 
at the points 2, 4, 6, 8, 10, 12, etc., c.c. on the burette would 
be -k o’oi, + 0*04, -k o‘o2, — o'o2, — o'o2, -k o’o2,^etc., and 
at any int^mediate ftoint, the correction may be taken as 
proportional to tire corrections on either side of it. These 
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corrections for every two 2 c.c. may be written in tabular 
form; but it is better, especially if the coirections are 
coJisiderable, to draw a curve of corrections, the burette 
reacfings being represented as abscissse, and the value of 
the corrections being repiesented as ordinates above (for 
positive -*corr8ctibns) or below (for negative corrections) the 
abscissa a®s. T'he fiiprrection values are'»then joined by 
straight lines, so that for any given leading on the bm-ette 


-- 





— 











___ 








IZI 

IZI 

IZI 



— 



— 




IZI 

— 

IZI 

— 



z. 


IZI 












— 


— 


3i 

iz; 

— 



Z- 

!!Zl 




-T- 






— 

— 


Z- 

i: 



— 


-ZZ 

3 

H 


"3 



'3 

IZI 

g 



the correction can be seen at a glance. Such a curve of 
corrections, plotted from the figuies given above, is shown, 
in the diagram (Fig. s). 

As with pipettes, so also in the case of burettes, attention 
must be paid to the rate at which the liquid is allowed to flow 
out. The minimum time of outflow advisable will depend on 
the volume of liquid delivered; for 30 c.c’it should be not 
less'^haij about 40 seconds. 

With burettes the accuracy to be atljiined is ribt in general 
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so great as with pipettes, and will depend on the width of the 
burette. The latter should be as small* as possible, consistent 
with convenience in length. For most purposes it is convenient 
to use a 30-c.c. burette, the width of which should be from 
8-10 mm. With such burettes an accuracy of about o'l per 
cent, can be obtained on a reading of lo c.c/ 

Parallax. — 5 n making a reaSfng'erf volume bfmetas of a 
burette, it will be found thafb a^the line of vision is raised or 
lowered, the apparent position of the liquid meniscus alters. 
Owing to this apparent change of .position, to which the term 
parallax is applied, such volume readings are liable to*' con- 
siderable errors. These can be avoided. most easily by placing 
a piece of mirror glass behind the burette, and tJien raising or 
lowering the line of vision until the meniscus and its image 
just coincide. The eye is then on the same level as the 
meniscus, and the error due to parallax disappears. The 
reading is then made with the eye in this position. 

Errors due to parallax can also be avoided by means of 
the Shellbach stripe, and the use of the now well-known 
Shellbach burette is consequently to be strongly tecommended. 

It will be clear that the precautions to be taken in reading 
a burette should also be taken when using apparatus of a 
similar character, «.g. the barometer, eudiometer, mercury 
manometer, etc. 

Refnences.—'Sox a second method of caUbrating weights, see ’Richards, 
y Amur. Chem. Soe,, 1900, 38 , 144; Zatschr. physikal. Chem., 1900, 
088, 605. 

For a discussion of the accuracy of pipettes and burettes, see Wagner, 
Zeiischr. physikal. Chem., 1899, 28 , 193. 



CHAPTER III 


HENSJTY OF LIQUIDS AND GASES 
A. — Density of Liquids 

% ' 

The density (absolute) of a liquid or solid the mass of unit 
volurhi of the substance. Generally, however, in usbg the 
term “ density ” at a given temperature, one really means the 
relative or the density at a given temperature relatively 

to tlje density of a standard substance (water) either at the 


same temperature ^represented by or, more frequently, 
at 4° (^represented by When, in the latter case, the 


density is corrected for the buoyancy of the air (see p. 27), 
the number obtamed represents the specific gravity of the 
substance. It is the property which should be used in 
characterising a liquid or solid substance. 

The density of liquids is most easily determined by means 
of •vessels of accurately defined volume, called pyknometers. 


These are made of very vary- 
ing 'shapes, but the simplest 
and most generally useful form 
is the Ostwald modification 
of the Sprengel pyknometer 
(Pig. 6). 

This form of pyknometer, 
which can be easily made by 
the student, consists of a 
moderately wide (10-15 mui-) 
and rather thin glass tube, to 
whi|pr narrower tubes, a and 
b, are sealed and bent as shown 



Fig. 6, 


in the fi^ire. These are preferably laade of light capOlary 
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tubmg, with not too thick waR^, and with a lumen of about 
i-i'S mm. Ill diameter. About the 'faiiddle of the upppi 
arm of the tube i, the bore of the tube should be sligjitly 
constiicted, and a ring etched on the glass j and tube a should 
be drawn out to a point, and the bore thereby constricted. 
If desired, the ends a and b may be fitted with caps, which 
may be ground so as to fit accurately, dV which may simply be 
slipped over the ends of a and b. In general, however, these 
will not be absolutely necessary. 

The volume of the pyknometer should be about 5-15 c.c. 
This will allow of an accuracy of about i unit in the fouith 
place of decimals, which will be quite sufficient for all our 
purposes. 

In carrying out a determination of the density of a liquid, 
the pyknometer must first of all be cleaned and dried, by 
washing well with distilled water (if necessary, with other 
solvents first, and then with water), and then with a small 
quantity of alcohol (redistilled methylated spirit). It is then 
placed in a steam oven for 10-15 nunutes, and a current of 
air drawn through by means of a pump. It should, however, 
be noted that after being heated, the pyknometer does not 
immediately acquire its true volume on cooling; and an ap- 
preciable error may be introduced, especially in more accurate 
work, if sufficient time (from 12 hours up to several days, 
according to the glass of which the pyknometer is made) is 
not allowed to elapse before the pyknometer is used. If it is 
not convenient to wait this time, the heating should be avoided, 
and the pyknometer cleaned and dried by washing successively 
with water, alcohol, and ether (redistilled), and then drawing 
a current of air through the tube. 

The pyknome;ter, cleaned and dried, is first weighed 
empty. For this purpose it is suspended from the emj of 
the balance (leam by njeans of a double hook (Fig. 7), made 
either from platinum br from copper wire,' preferably the 
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former.* Thet pyknometer is J:hen filled with distilled water, 
which has been recSntly boiled and allowed to cool, by 
attaching a piece of india-rubher tubing to the 
end and sucking gently while the end a dips 
m the water. The introduction of air-bubbles 
must be careflill^ avoided. The pyknometer thus 
filled is then suspended>in a large beaker of ^ater, 
the temperature of which must be kept constant 
to within o-i°, as shown by a thermometer im- 
mersed in the water. Where a number of deter- 
minations of the density have to be made, it is * ' ' 
more convenient to use a constant temperature bath (ther- 
mostat), thei:emperature of which is maintained constant by 
means of an automatic thermo-regulator (see p. 63), 

The pyknometer may be suspended in the bath by means 
of a wire hook placed over a glass rod laid across the top of 
the beaker j but it is better to use a holder cut from sheet 
zinc or copper (Fig. 8), and fur- 
nished with lugs which can be 
hooked over the edge of the 
bath. In the sheet of metal a 
hole is cut, which allows the 
body of the pyknometer to 
pass through, while the arms 
rest against the ends a and 1 . Fio. g 

The length of the opening 

should be such as to allow the pyknometer to pass so fa? 
through, that the mark on the tube b of the pyknometer is just 
above«the metal plate ; and the water in the bath should be of 
such a height that it ]ust touches the under side of the plate, 
By means of this arrangement, the dangej of water getting 

fe tt is not advisable to attach a wire permanently to the pyknometer, 
because of^the greater difficulty in removing #11 moisture *fter the pykno- 
meter has tieen immersed in water. • 
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into the ends of the pyknom^ter tubes is avoided, and the 
pyknometer is held in position more secforely than by hooks. 

When the pyknometer and its contents have taken ^the 
temperature of the bath (say after 15-20 minutes), the amount 
of water must be so adjusted that it fills the pyknometer 
from the point of the tube a to the mark on ^'^(Fig. 6). If 
there is too little water, a rod or tube cferying a drop of- water 
is placed against the end of the tube a, when water will be 
diawn into the pyknometer by capillarity. If there is too 
much water, a piece of filter paper is carefully placed against 
the end of a, whereby water can be drawn from the pyknometer 
until the meniscus stands opposite the mark on d. This 
requires a little care. If too much water is withdrawn, more 
must be introduced as described above, and the adjustment 
again made by means of filter paper. 

Instead of using filter paper, the adjustment can also be 
made in the following manner : A piece of rubber tubing, a 
few centimetres in length, is placed over the end of 6 , and a 
rpugh adjustment made by pushing a glass rod ipto the open 
end of the rubber tube. The exact adjustment is then ma^de 
by compressmg the rubber tube with the fingers until the water 
is driven along to the mark. Before releasing the tube, any 
drop of water which may have collected at the point of a is 
removed by means of a glass rod. The pyknometer is now re- 
moved from the bath, and the outside carefully dried by means 
of a cloth, whereby care must be taken that none of the water 
is expelled from the pyknometer by the heat of the hand.^ When 
it has taken the temperature of the balance case, it is weighed. 
If concordant and accurate weighmgs are to be obtained, it 
_ is essential that the outside of the pyknometer shall always be 
' dried and treated ki exactly the same way, since otherwise the 
amount of moisture which remains adsorbed on the surface will 
vary, and ma^ cause anrappreciable error. ,, ' 

' This danger is avoided to a very great extent if a small bulb is blown 
on the a^m of the pyknometer to the tight c>f the mark i (Fig. 6 ), 
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* » * 

After haying determined^ the weight of the pyknometer 
filled with water, the pyknometer is once more dried out and 
filled with the liquid the density of which is to be determmed. 
It is placed as before in the bath at constant temperature, the 
liquid is adjusted to the mark, the pyknometer dried with a 
cloth in the*lame manner as before, and weighed. 

Calculation ot Ihe Density.— -If t 3 e temperature at 
which the pyknometer is filled with water and with the other 
liquid is the same, then the ratio of the weight of liquid (W') 
to the weight of the water (W) gives the approximate density 
(uncorrected for the buoyancy of the air) of the hquid com- 
pared with that of water at the same temperature. This is 
represented by / = ^ . For certain purposes, as in the deter- 
mination of the relative viscosity (Chap. V.), this ratio is all 
that is required , but in all cases where the specific gravity of 
the liquid is desired, we must compare the weight of the liquid 
at the temperature f with the weight of the same volume of 
water at 4°. The density of the liquid at temperature 
compared with water at 4° is then given by the expression 
<0 W' 

^ X D, where D is the density of water at r°. (See 
Table below.) 

The value of the density just given must still be corrected 
for the.buoyancy of the air by taking into account the density 
of the latter, and we therefore obtain as the expression for the 
specific gravity of a liquid — 

^40 W'D o-ooi2(W' - W) 

• W 

If the temperature at which the pyknometer is filled with 
water and with the other liqmd is not the same, a further cor- 
rection is necessary for the expansion of the glass, and we obtam 
as the general expression for the specific gravityibf a hquid — 
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/ _ W'D o-ooi2(W' - W) , W'D ^ 

'^4“ -W" “ w ^ o-oooo34(/ - /) 


expression, 

IS the apparent weight of water in air at temperature 
is the apparent weight of the liquid in air at tempera- 
ture^; ' 

D is the density of water at the temperatuie 
o'oooo24 is the coefficient of cubical expansion of glass; 
o'ooi2 is the mean density of air. 


Density of Water at Different Temperatures . 


Temperaturs, 

Dansity. 

Difference in density for 
0-1°, ta Tnils of the fifth 
decimal place. 

0° 

0-999874 


4° 




0 999992 


6® 

0-999969 

u 

lo 


u 

r 9° 

0*999812 



0-999731 


u ° 

0-999637 


12® 

0-999530 

10 7 

13° 

o-99941<3 

12 0 

14° 

0-999277 


*5® 

0-999132 


16“ 

0-998976 

1^-8 


0-998808 



0-998628 


19° 

0-998437 

19 I 


0-998235 



0-998023 

21-2 


0 997800 

22-3 

“3° 

0-997568 

23 2 


0-997326 


2I0 

0-997073 

0-996811 

25- 3 

26- 2 



27- 1 

28- 0 

29° 

0-995971 

29-0 

30° <-■ 

» 0-995674 

29-7. 



• DEl^SITY. OF LIQUIDS AND GASES 


B. — Density of Gases and Vapours 

Deteiminations of the density of gases and vapours are of 
value for the chemist on account of the fact that from the value 
of the density tlje molar weight of the substance in the gaseous 
condition at the tempflature of vaporization can be calculated. 
As in the case of hquids, the (absolute) density of a gas is 
the mass of unit volume, i.e. of i c.c. •, but as the volume of a 
gas is greatly influenced by temperature and pressure, the 
density of a gas is defined as the mass of i c.c. at the tempera- 
ture of 0° and under the pressure of 760 mm. of mercury. 
More frequ^tly, however, use is made of the relative density, 
i.e. the weight of a given volume of the gas compared with 
the weight of the same volume of another gas, the density of 
which is taken as the unit, when measured imder the same 
conditions of temperature and pressure. As a rule, hydrogen 
is taken as the comparison gas, its density being put equal to 
unity. Not infrequently, however, air is employed for the 
sime purpose. Since air is i4'4 times as dense as hydrogen, 
the density of a gas referred to that of air equal to i, can be 
reduced to density relatively to hydrogen by multiplying by i4'4. 1 
If the density of a gas, referred to that of hydrogen equal 
to unity, is d, then its molar weight is equal to 2 X zf. 

Since, in chemistry, determinations of the density of gases 
are chiefly made for the purpose of obtaining the molar weight, 
it has been suggested (Ostwald) to refer the density of a gas to" 
that of oxygen equal to 32. That is to say, as unit of density 
we < 3 ioose that of an imaginary gas, the density of which is 
equal to ^ that of oxygen. In this way the number expressing 
the density also expiesses the molar weight- Since oxygen is 
now taken as the basis of atomic weights, it is better also to 
take if as the basis of densities and oLmolar wei«hts. 
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determination of the density of ^gas, the most convenient and 
at the same time most accurate method fs to weigh the gas p 
a glass bulb of known volume. The bi^lb, 
which should be blown strong enough to 
withstand a pressure of i atm., may have 
a volume of 100-200 c.c. ;,anS sealed into 
*t is a glass tube furnlShed with a well-fitting 
glass tap (Fig. 9).^ Before being used, the 
tap must be uniformly coated with a lubri- 
cant, the best being that recommended by 
Ramsay.® If it is desired to determme the 
absolute density of a gas, the volume of the 
bulb must first be ascertained. iThis is done 
by weighing the bulb empty and then filled 
Fig. 9. with distilled water at a known temperature. 

To fill the bulb with water, it is first 
exhausted as completely as possible by means of a pump,® 
and the tap then opened while the end of the tube dips 
ur^er the surface of a quantity of distilled water. The tap 
is again closed, so that its hoie remains full of water, add 
the tube above the tap is then dried by means of filter paper. 
The bulb full of water is then weighed to i cgm. The volume 
of the bulb is then obtained by dividing the weight of water 
by its density at the particular temperature (see p. 44). 

In order to eliminate as far as possible errors due to the 
buoyancy of air, a similar globe of approximately the same 
weight and volume should be used as a counterpoise. 

The water is then removed from the bulb by means of a 
filter pump, and the bulb dried by washing successively*with 

• Chancel flask? ar^very suitable for this purpose. 

* This is made by melting together 3 parts of vaseline, t part of paraffin, 
and 6 parts of soft rubber. 

“ A Fleuss pftnp is the m»st convenient, but an ordiaaty vviwSer pump 
may also be used here. 
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alcohol and ether, warming in^a steam oven and exhausting 
several times till all thS ether has been removed. 

"Mter a sufficient time has elapsed to allow the bulb to 
regain its normal volume (see p. 40), it is exhausted by means 
of a Fleuss or mercury pump and weighed; it is then filled 
with the gas,'\he density of which is to be determined, and 
again weigRed. Knowing the volume of the globe and the 
weight of the gas, knowmg also the temperature and pressure 
at which the globe was filled, the density of the gas or the 
weight of I C.C. at N.T.P. can be calculated. , 

If W is the weight of the gas filling the globe, the volume 
of which is V C.C., and if is the temperature and / mm. the 
I pressure at* wGlch the globe was filled, then the volume of the 
^gas at N.T.P. would be — 

’ V, = ^'X^n'XP \ 

(273 + ^) X 760 ' 

The density of the gas is theiefore ^ 

Since i gm.-molecule of a gas at N.T.P. occupies approxi- 
mately the volume of 22,400 c.c., the molar weight of the gas 
, 22,400 X W 

IS given by M = . 

Experiment. — Determine the Absolute Density of Dry Air. 

The volume of the bulb and its weight when exhausted are 
first determined, as explained above. The dry bulb is then 
clamped in a bath of water kept at a constant temperature, 
say 25° (see Chap. IV.), so that the bulb is entirely immersed, 
but not»the stop-cock (Fig. 10), and a T-tube a is attached to it 
by means of pressure tubing. The side tube of a is connected 
with a Fleuss or mercury pump by means qf pressure tubing 
on which there is a screw-clip, I ; and to the end of n a tube 
of calcium chloride is attached, also py means ^gif pressure 
tubing furnished with a sciew-chp, II. This clip is kept closed, 
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and the bulb exhausted by means of the pump ; then clip I is 



that "a slow current of air is 
drawn into the bulb. 
The bulb should in this 
way be twice exhausted 
^ and twice filled. It is 
flow allowea to stand 
in open communication 
with the air for about 
five mmutes so that the 
gas may take the tempe- 
rature of the bath, and 


IfIG, 10. 


the stopfxock is then 


closed. The tube a is 


disconnected, and the bulb removed from the bath and care- 
fully dried, bearing in mind what was said with regard to the 
drying of pykiiometers (p. 40). It is then allowed to take the 
temperature of the balance case and weighed, a similar globe 
Joeing used as a counterpoise. The barometer must also be 
read. " 


The absolute density is then obtained by means of the . 
formula on p. 47. 


Experiment. — Determine the Density of Carbon Dioxide rela- 
tive to that of Air, and calculate the Molar Weight of the Gas. 

First weigh the bulb filled with dry air in the manner de- 
^ scribed in the previous experiment; then fill it with carbon 
dioxide and weigh again. 

For the purpose of filling the bulb with carbon dioxide, an 
apparatus for generating this gas— best a Kipp apparatus— is 
attached to the calcium chloiide tube, and after the bulb has 
been exhausted, slow current of gas is allowed to pass into 
it, the exhaustion and filling being carried out twice after all 
•the air has l^een driven from the connecting tubes. ^ The bulb 
is then left in free communication with the COj apparatus for 
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about five minutes, th^ tap thea closed, and the bulb discon- 
, nefted. Since the gas in the bulb is under a pressure greater 
thaik atmospheric, (owing to the pressure in the geneiator), it is 
necessary before removing the bulh from the bath slowly to 
open and th^ immediately to close the glass stop-cock, so 
that the pressure in the bulb becomes eqiHil to the atmo- 
spheric pressure. The bulb is then dried as before and 
weighed. 

Since the bulb was filled with air and carbon dioxide at the 
same temperature and under the same pressure, and since the 
volume of the two gases is equally affected by changes of 
temperature and pressure, the ratio of the weights determined 
above will give the relative density, i.t . — 

density of COa _ weight of COj 
density of air weight of air 

The erroi in the determinations must not exceed i per cent. 

Calculations — 

r. Given that the absolute density of air is 0 '001293? 
calculate from your determinations the absolute density of 
carbon dioxide. 

2, Having given that the density of air referred to that of 
oxygen equal to 32 is 28'8, calculate the molar weight of 
carbon dioxide. ■ ■ ' "'U Sh 

Determination!^^,' Vapour" Density. — For the deter- 
mination of thedginsity of the vapour of a substance when the 
latter is na^^as at 'the ordinary temperature, the method 
commonl^mployed is that due to Victor Meyer, or the allied 
one du8 to Lumsden. 

I. Victor Meyet^TMethod, — The Victbr Meyer apparatus (Fig. 
1 1) consists of a cylindrical vessel, B, having a long, narrow neck, 
to which are sealed two side tiibif^C and D. The side tube D 
is closed tjy a tightly fitting iEraiiiru^cr*stoppcr, through which 
a glass rod, with flattened j;pd, paskes air- tight. It should be 
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lubricated with, graphite. The side tub^ C is connected with a 
bent capillary tube G, the horizontal portion of which njay . 
be made from to 2 feet long; the free end of this tube is 
then attached to tl^e top of 
a Hempel, ggs burette F, 
filled with flvater.^ In making 
the^e connections, thick - 
walled india-rubber tubing 
should be employed, and 
the ends of the two glass 
tubes should be brought up 
close together. 

The tube B, the upper 
end of which is closed by 
a rubber stopper, is placed " 
in the wider tube A, which 
contains a liquid the boiling- 
point of which is at least 
2o°-3o° aboye the boiling- 
pouit of the liquid to" be 
vaporized.^ The mouth of 
A is closed by a large cork 
with a deep groove cut in 
^ J one side to allow for ex- 

pansion of the air in the 
tube. In order to allow B 
to pass through, it will be 
necessary to cut the cork 
in two pieces. To prevent 
bumping, a few pieces of 
porous tile, or similar mate- 
rial, are placed in A, and the liquid is boiled, the three-way stop- 
cock H bebg meanwMle open to the air to allow thg, expanded 
‘ A list of suitable beating liquids is given in tbe Appendix. 
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gas to escape. After |he liquid in A has been boiling for ten 
.minutes with such vigour that its vapour rises almost to the top 
of' the tube, it is ascertamed whether the temperature in B has 
become constant, by turning the tap H so as to make connection 
between B aiji^ the burette. If the temperature has become 
constant, tlje level of jhe water in the_ buri«tte will remain 
unchanged. When constant temperature has been attained, 
the tap H is again open^ to the air, the stopper at the end of 
B removed, and a weighed quantity of the liquid to be vaporized, 
contained in a small stoppered weighing bottle, is dropped on 
the flat end of the glass rod passing through D. The rubber 
stopper is th§p replaced, communication betiveen B and the 
burette made through H, and the bottle with the liquid allowed 
to drop to the bottom of B by rotating the glass rod. On 
reaching the bottom of the tube, the Equid is vaporized, and 
expels a volume of air equal to the volume of the vapour at the 
particular temperature. As the air passes over into the burette, 
the reservoir must be lowered so that the level of the water in 
the reservoir^ and burette remain about the same. Thi? 
dinlinishes the danger of leakage. So soon as the volume of 
air in the burette becomes constant, the water levels are 
adjusted and the tap H is closed. The burette is then de- 
tached from the rest of the apparatus, and when the tempera- 
ture has become constant, the water levels are again adjusted 
and the volume of the expelled air is read oflf. At the same 
time the temperature is read from a thermometer hung up 
beside the burette, and the height of the barometer is also noted. 

If a gas burette is not available, an ordinary burette, 
arrange*^ as shown in Fig. 12, can be employed. The upper 
end of the burette is closed by a rubber stopper, through which 
passes a T-tube furnished with a stop-cock, a? This takes the 
pbee of the three-way tap H of the Hempel burette. To this 
the tube Gfrom the vaporization bulb isj; attached.* The place 
of the movable reservoir is taken by the tube A, about i cm. 
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wide, which is attached to tlie Jower enjJ of the buiette, and is 
furnished with a piece of rubber tubing and spring clip^ B.' 
The burette is filled by pouring water into A, while the tap a 
is open, and the level is adjusted by means of the spring clip 
(3 B. When the experiment js in progress, 



and as air is being expelle^, frpm the 
vaporization tube, into the burette, the 
water must be allowed to run from A so 
that tlie level in the two tubes remains 
about the same. At the end of the experi- 
ment the levels are accurately adjusted, and 
the volume of air m the burejfe is read off. 

It is a further advantage to have the 
burette surrounded with a mantle through 
which water circulates. The temperature is 
then determined by means of a thermometer 
hung inside the mantle. 

Details . — It is desirable that the process 
of vaporization should take place as rapidly 
as possible ; if it takes place slowly, diffusion 
and condensation of the vapour on the upper 
and colder parts of the tube may occur. The 
volume of air expelled will then be too small 
For the same reason, the volume of air ex- 
pelled should be read as soon as it becomes 


constant. 


It is sometimes found that the stopper of the weighing 
bottle becomes fixed, so that the liquid is prevented from 
vaporizing, or vaporizes very slowly. To obviate t£is, the 
stopper should be loosened, or removed altogether (if the liquid 
is not too volatile before the weighing bottle is dropped on to 
the glass rod at D. In this case, care must be taken that the 
weighing battle is ncjt filled so full that the liquid wets the 
stopper j and the bottle must be lowered carefully, but as 
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rapidly as possible, on^to the glass rod by sliding it down the 
.side of B with a strip of paper folded lengthwise into the shape 
of a,V. To prevent vaporization as far as possible while the 
w^ghing bottle and liquid rest on the rod at D, the upper end 
of the tube B should be protected from the heat of the flame 
and the bath A, 1 ;^ means of a sheet of asbestos board, placed 
on the top of the cork closing the mouth of A. 

To prevent the bottom of the tube B being broken by the 
fall of the weighing bottle, a small quantity of mercury should 
be poured into B before commencing the experiment, provided 
the temperature employed is not much above 150'’. When 
high temperatures are used, a small pad of asbestos fibie can 
be used instep of the mercury. 

After each experiment, all vapour must be removed from 
• tlie tube by blowing air through the latter. 

The error in the determination of the density by the above 
method should not exceed 5 per cent. 

Experiment. — Determine the Density and Molar Weight 
of Acetone or of Chloroform Vapour. • 

The experiment is carried out as described above, water 
being used as heating liquid. 

Calculation. — Let — 

V be the volume of the air expelled, measured in c.c, ; 

t the temperature of the air ; 

b the barometric pressure ; 

/the vapour pressure of water at the temperature t {vide 
infra)-, 

W the weight in gm. of the substance taken. 

Then tf?e volume of the air expelled reduced to N.T.P. will 


_ n X 873 X -y) 

(<■+273) X 


is therefore equal to the volume whicljW gm. o^he vapour 
would have at N.T.P., and the weight of i c.c. of the vapour 
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would therefore be — Since i c.c. of ''the fictitious gas which 
*'o ^ 

we have chosen as the unit of density (p. 45) weighs 0-00004465 
gm., the density of the vapour referred to tins unit will be — 

y.. , . 

4-465 X lo"” X Zfo f r'o " 

This number also represents the molar weight of the vapour. 

The value of the vapour pressure of water at dilferent 
temperatures is given in the following table : — 


■VAroua PaEssuKB of "Water in Millimetres Sf Mercury 


e 

t 

e 

> 

e 


0 

4-6 


99 

21 

lS-6 

1 

4'9 


lo-s 


19-8 


S -3 

13 

1V2 

23 

21 0 

3 

5'7 

14 

12 0 

24 

23-3 

4 

6-1 

6-6 

\l 

12-8 

25 ' 

23 1 

\ 

13-6 

26 

25-1 

TO 


H-S 

27 

26-7 

1 


18 

is-s 

28 

28-3 ■ 

19 

i6-s 

29 

30 0 

10 

8-6 

9-2 


17-5 

30 

- 

317 


■a. Limsdetis Method — In Victor Meyer’s method, as we 
have seen, the pressure is maintained constant (equal to that 
of the atmosphere), and the increase in volume due to the 
formation of vapour is determined. In Liimsden’s fnethod, 
however, the volume is maintained constant, and the increase 
in pressure meas^ired. 

Before using this method, read through the description of 
the Victor Meyer apparatus and method. ^ 

The apparatus is s 5 iown in Fig. 13. The vaporization tube 
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B is essentially the same as yi the Victor Meyer apparatus, 
only much shorter. iJt is fitted into the wide boiling-tube A, 



which carries a spiral glass condenser, by means of an india- 
rubber bung.^ 

' In the original apparatus described by Lumsden, the boiling-tube was 
sealed to the neck of the vaporization tube. This has the advantage that , 
heating liquids which attack rubber can be used. It has, however, the 
disadvantage that the apparatus is thereby rendered considerably more 
expensiye, and if the outer boiling-tube is broken, repair 13 impossible. It 
is much better, therefore, in all cases in which the heating liquid permits 
of a rubber bung being used, to adopt the apparatus as shown in Fig. 13. 

In Lumsden’s original apparatus, also, the horizojifal capillary CG con- 
sisted of one piecei As this is very liable to he broken, it is better to cut 
the capillary, and connect the two pieces by means of thick-walled rubber 
tubing. I* doing this, the two ends of glas^tube shouli^be brought up 
close to each other, and the rubber tubing should also be wired on. 
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The a,®aratus is best supported on a square asbestos 
heating and while the liquid in A is being boiled (use ^ 
porous tile >to avoid bumping), the stopcock H is kept cppen 
to the air. To piotect the upper part of the tube E from the 
hot air, a sheet of asbestos board, cut with a hole for the passage 
of the tube, is placed on the top of the rubber bung. 

The perpendicular capillary tube on which'^ there is a 
fixed mark, is connected by means of thick- walled rubber tubing 
with the tube M, which is graduated in millimetres. The ends 
of the rubber tube must be wired to both F and M. This tube 
must be filled with so much mercury that when the mercury in 
F is at the fixed mark, the meniscus in M is at the top of the 
graduated portion, or even a little above it. Care must be^ 
taken that the mercury forms a continuous thread unbroken by 
air-bubbles. 

The preliminaiy beating of the vaporization tube is cariied 
out as with the Victor Meyer apparatus. The attainment of 
constant temperature is shown by the mercury in tube F 
jgmaining stationary when the stop-cock H is closed. 

When constant temperature has been attained, introduce the 
weighing bottle with substance as with the Victor Meyer 
apparatus, and replace the stopper at E. Adjust the mercury 
so that it stands at the fixed maik on F, close the stop-cock 
H, and then allow the weighing bottle to fall to the bottom of 
B, which must be protected by mercury or asbestos. 

As the liquid vaporizes in B, the pressure in the apparatus 
will increase. The mercury should always be kept near to the 
mark on F by raising the tube M. When the vaporization is 
complete and the mercury has become stationary, place the 
manometer tube M close to the tube F, and adjust the level 
so that the mercy,ry stands at the mark on F. Then read oS 
the difference in height (/) of the two mercury surfaces. 
This represents the iij^crease of pressure due to the vapour 
pioduced. I" 
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With the Lumsden apparatus, two methods can be employed 
_ for obtaining the value of the vapour density— a comparison 
met^iod and an absolute method ; — 

a. Comparison Method . — First determine the increase of 
pressure (difference of level of the two mercury surfaces) pro- 
duced by a icnown weight of a substance, the molar weight 
of which IS also known. • From this calculate, Sy simple propor- 
tion, the difference of level which would be produced by i mole 
of the substance. Then determine the pressure produced by a 
known weight of the substance, the density of which is desired, 
and calculate from this how many grams of it would be required 
to give a pressure equal to that produced by i mole of the 
known substance. The number thus obtained represents the 
molar weight of the substance, and also the density referred to 
, that of oxygen equal to 32 (p. 45). 

After each experiment, all vapour must be removed by a 
current of air. 

h. Absolute Method . — In using this method, the volume of 
the vaponzation tube must be determined, by weighing the tube 
empty and then full of water. In doing this the outer boiling- 
tube A should be removed, and the connection between C and 
G broken. (Decide with what accuracy this weighing invist be 
done.) 

Let Vy be the volume of the vaporization tube, b the 
barometric pressure, and p the increase of pressure, in milli- 
metres of mercury, produced by the vaporization of a known 
weight (W gm.) of the substance. If the pressure were kept 
constant and equal to b, the volume of the air + vapour would 
be, sayj z',. In order to reduce this volume to the pressure 
-1-/ is necessary. Hence, since the product of pressure and 
corresponding volume is constant, we obtain = (^ + /)*'ii or 
jjjg volume of the air under the pressure b 
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pressure is Ttys, then, is the volume 

of W gm. of vapour under the pressured and at thetempeiaj,ure 
(/) of vaporization (boiling-point of the heating liquid). The 
volume at N.T.P. is therefore— 

V = X g73 X 3- _ v^p X 273 , . 

° dx{t+ 273) X 760 (/'-f 273) X 760 

As before, therefore (p. 54), the density lefeited to that of 
oxygen equal to 32, and also the molar weight are equal to — 

W 

M = zf = 22400 — 

Vo 

The error in the determinations should not excee^S 5 per cent. ^ 
Experiment. — Determine tlie Vapour Density and Molar 
Weight op Acetone. 

I. Make two determinations of the increase of pres- 
sure produced by known weights of chloroform, and calculate 
from these values the increase of -pressure which would be pro- 
4 uced by r mole of chloroform. Then determine (after 
removing the vapour from the tube) the increase of pressfire 
produced by a known weight of acetone. From the value 
obtamed, and from the mean of the two values obtained with 
chloroform, calculate the density and molar weight of acetone. 

a. Determine the volume of the vaporization tube and the 
increase of pressure produced by a known weight of acetone. 
Calculate the molar weight of acetone, and compare the value so 
obtained with the value obtamed in the previous experiment by’ 
the comparison method. , 

Other Methods of determining Vapour Densifies. — 

, Besides the methods of Victor Meyer and of Lumsden, others 
have been used for the determination of vapour densities, eg. 
the methods of Dumas and of Hofmann. These methods, 
however, altirough at one time frequently employed^ are now 
seldom used ; and need not be furthei discussed. More recen lly, 
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however, two methods have been suggested by Blackman and 
, by Menzies for the determination of vapour densities, which 
desprve attention as they are easy to carry out and yield as 
accurate results, at least, as those already described. The 
methods are^ in principle, the same ; and depend on deter- 
mining the pressure produced by the vaporization of a known 
weight "of substance int 9 a closed space. * 

Apparatus of Blackman. — K diagram of the apparatus pro- 
posed by Blackman is shown in Fig. 14.1 It consists of a 



Fig. 14. 


tube (vaporization tube) sealed at one end, and having at the 
other end a conical neck (with its narrower end outwards), 
into which there fits, very closely, a hollow stopper. Into this 
tube there are introduced a weighing bottle containing a 
known weight of the substance to be vaporized, and also a 
capillary tube, closed at one end and having a short thread of 
meicury in tlie bore near the other end. This tube serves S 
a manometer. 

Carrying out a Determination . — A short thread (about 
I ’5 cm.) of mercury must first be introduced into the capillary 
tube, which should have a bore of about I'j mm. This is 
leadily done by slightly heating the capillary tube in a flame, 
and then allowing it to cool with the open end under mercury. 
When a sufficient amount of mercury has been sucked into the 
bore, the tube is withdrawn and laid aside in order to acquire 
the room temperature. The thread of mercury should now 
stand about i-z cm. from the open end of the tube. When 
the position of the mercury has become fixed, the length of 
the air space enclosed by it is determined by means of a 

' The .apparatus is supplied by Messrs. S, E. Beclc«» & Co., Ltd,, 
17-27, Hatton Wall, London, E.C. ’ 
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millimetre measure. The capjllary tube, with its thread of 
mercury, is then slid inside the vaporization tube, which must 
previously have been cleaned and thoroughly dried, Into^he 
vaporization tube there is also brought a weighing bottle 
containing a known amount of the substance to Ijp vaporized j 
and the tube is then closed by pulling the stopper into place 
by means of a stout string, previously tGtached to tfie Head of 
the stopper. In carrying out this operation some care must 
be exercised in order to avoid alteration of the pressure of air 
inside the vaporization tube either (r) through suction, by 
drawing the stopper too rapidly into place, or (2) through 
handling, by raising the temperature of the tube and so 
causing a diminished pressure when the closed fube is again 
allowed to cool down to the atmospheric temperature. 

Having, ivith proper precaution, fixed the stopper firmly 
in the neck of the vaporization tube, the latter is placed in 
a horizontal position and the length of the air-column in the 
manometer tube again measured, after the tube has taken the 
Jgmperature of the air. This value will be the same as that 
found previously, provided the necessary precautions, raeh- 
tioned above, have been observed in closing the vaporization 
tube. 

The apparatus is now placed, in a horizontal position, in 
a suitable heating jacket, which may be either a tube through 
which the vapour of a substance boiling at a suitably high 
temperature (see Appendix) is passed, or a bath or trough 
filled with a liquid (water, concentrated solution of calcium 
chloride, glycerol, etc.), kept at a suitable temperature. The 
exact temperature of this bath does not require fo be 
known, provided the vaporized substance does not undergo 
molecular change ^(association or dissociation) with change of 
temperature. 

When tl^e substance has completely vaporized, .and the 
mercury thread in the manometric tube has become stationary. 
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the length of the enclosed aiMpace is again measured.^ This 
measurement is effected most easily with the aid of a pair of 
caliipers or compasses. Owing to the increase of pressure 
produced in the vaporization tube by the vapour of the sub- 
stance, the Igngjih of this air-thread will now be less than at 
atmospheric pressure. 

The vaporization fl5be is now removed from the heating 
jacket or bath, cooled, and opened by gently tapping the 
stopper, to the head of which a string should be attached, to 
prevent it from being sucked violently inwards, with the conse- 
quent risk of breakage. The manometer and the weighing 
bottle (unstogpered) are removed and dropped into a burette 
containing water, whereby the combined volume of the 
manometer and weighing bottle can be determined. The 
difference between this volume, and that of the vaporization 
tube (marked on the latter by the makers), represents the 
volume occupied by the heated air and the vapour of the 
substance. 

Calculation of the Va four Density . — This method of detefc* 
mfning the vapour density depends, as has been indicated, on 
measuring the pressure produced by a given weight of vapour, 
occupying a given volume at a given temperature ; and the 
pressure which is so produced is measured by the diminution 
in the length of the air-column enclosed by the mercury thread 
in the manometer tube. 

Let w = the weight of substance vaporized, 
q = the atmospheric temperature. 

/j = the vaporization temperature. 
f = the atmospheric pressure. 

L — the length of the air-thread in the manometer at t°, 
before the vaporization tube is closed. 

‘ In order to shorten the time necessary for the manometer tube to take 
up the tenffperature of the bath, capillary tubihg should ll? selected with 
faiily thin walls. 
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L„ = tlie lengtli of the air-thread ii), the manometer at t°, 
after the vaporization tube is closed. „ . 

I ~ the length of the air-thread in the manometer at 
V = the' volume of the vaporization tube minus the com- 
bined volume of manometer and iveifdiing bottle. 
The initial internal pressure, t, in the manometer p then 
given by TT = i>L/L„. At the temperature 4° when the air- 
thread has been compressed from the length to the length /, 
the pressure within the manometer will have increased from 
7r(L„-/) (373 + 4) . , 

^ ‘(273 + A)’ 

7>L(L. ^ 1 ) (273 + 4) 

L,.7 •(273 +4)- 

On the other'hand, the volume of the vapour of the sub- 
stance at 0° and 760 mm. pressiue is ii,i6ow/^ (the volume 
of I gm. of hydrogen at N.T.P, being taken as 11,160 c.c.). 
At the temperature tg, and when occupying the volume V, the 
.,, , ii,i6o.w.(273 -l-A).76o t, u • 

pressure will be ^ ~ V V73 ' ^ pressure 

must be equal to the manometric pressme, and hence, • 


TT to - 


now be - 


r the manometric pressure will 


/L'(L, - /).(273 + 4) _ ii,i6o.m. (273 + 4) ■ 7^0 
Lo./.(273 -b A) ■" al.V.273 

From which one obtains the density (referred to that of 
hydrogen as unity), 


^ 3 i,o 68 .w./.L ..(273 -f A) 

/.V.L(L.-/) 

It may be mentioned that m the above deduction, the 
change in the value of V owing to the displacement mf the 
mercury thread in the manometer when the substance vaporizes, 
has been neglected, as bemg small compared with V. 

Apparatus of Mmztes . — For the determination of vapour 
densities, tlw appaiatus described later (p 150) cgin, when 
slightly modified, be employed. The modification consists in 
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the following. Six or fight cubic centimetres of pure mercury 
.ar^ poured into the “test-tube” of the apparatus, in order to 
close the end of the gauge tube. This mercury also serves 
the purpose of a manometer liquid. 

The sub^anpe to be vaporized is weighed in a small 
bulblet^whose attiiched capillary, 2-3 cm. m ^ength, is sealed 
off before the final weighing. A file mark is then made on the 
neck of the bulblet and the latter attached to the stopper of 
the “ test-tube ’’ by pushing the bulb capillary into a hole 
drilled obliquely in the end of the stopper, and fixing it there 
by means of dry asbestos fibre. In this way it can be arranged 
that, on replacing the stopper, with the attached bulblet, in 
the neck of t'Ke “ test-tube,” the neck of the bulblet can be 
broken by rotating the stopper and so causing the bulblet to 
’ be forced against the top of the gauge-tube. 

Carrying out a Determmahon , — Before using the apparatus 
for the determination of vapour densities, the “ constant ” of 
the apparatus at the particular temperature of vaporization 
employed must be determined. For this purpose it is coiii^ 
venient to determine the pressure produced in the " test-tube ” 
by the vaporization of a known weight of pure benzene, or 
other normal substance, of known molecular weight. Having 
placed a known volume of mercury in the bottom of the “ test- 
tube,” as mentioned above, and having carefully introduced 
the stopper with a weighed bulblet of benzene attached to it, 
the heating liquid is caused to boil. As the air in the “test- 
tube ” is warmed, mercury rises a few millimetres in the gauge- 
tube, When the temperature has become constant, the level 
of the mercury in the gauge-tube is noted and the neck 
of the bulblet containing the benzene is then broken by 
rotating the stopper. The benzene rapidly vaporizes, the 
level of the mercury in the gauge-tube rises, and after five or 
six minutes again becomes steady. •The observed rise of 
mercury in the gauge-tube must be corrected by addition of 
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the simultaneous slight fall it>,the lev^ of the mercury in the 
“test-tube.” (The relation between a given rise in leve), of. 
the mercury in the gauge-tube to the corresponding faH in 
level in the “test-tube” may be determined once for all. 
For any subsequent observed rise in the, g^jige-tube, the 
corresponding ^11 in the “test-tube" can then be qbtained 
by simple proportion.) Having now determined the rise of 
mercury in the gauge-tube, in millimetres, obtained with a 
given weight of benzene, one ean calculate the rise which 
would be obtained with one mole of benzene. This number 
represents the “constant” of the apparatus at the particular 
temperature of vaporization employed. The molar weight of 
any other volatile substance at this temperature can then be 
obtained by means of the formula M = K . wj'K, where K. is 
the “ constant ” of the apparatus, and R is the corrected rise 
of mercury in the gauge-tube produced by the vaporization of 
•w grams of substance. 

If the same amount of mercury is placed in the “ test-tube" 
«<-for each experiment, the “ constant ” of the apparatus can be 
noted once for all and need not be redetermined in subse- 
quent experiments. 

After each determination the vapour must be completely 
removed from the “ test-tube " by means of a current of air. 

Associating and Dissociating Substances. — In the 
case of certain substances it is found that the molar weight, 
calculated from the vapour density, has a value sometimes 
greater and sometimes less than that corresponding with the 
formula which, on other grounds, must be assigned to the 
substance ; and it is also found that in those cases, the "vapour 
density is not independent of, but alters with, the temperature. 
These cases of abnormal vapour densities, as they were termed, 
are accounted for by the assumption of association or of 
dissociatiorrof the molecules of the substance in the vapour 
state ; and from the values of the density obtained one can 
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calculate the degree associafian or of dissociation at the 
teinpetature of the determination. 

Boi the purpose of such determinations the Victor Meyer, 
or, preferably, the Lumsden method may be employed. The 
method of Bl^clgnan and of Menzies is not so suitable on 
account of the fact l^hat diffusion of the vapour^throughout the 
whole vaporization space occurs, whereby the partial pressure 
of the vapour is reduced. In accordance with the theorem of 
Le Chatelier, however, this reduction in the partial pressure 
causes an increase in the dissociation. 

Since the same process of diffusion of the vapour will 
occur, in course of time, also in the Victor Meyer or Lumsden 
apparatus, it is essential that the determination shall be earned 
out as rapidly as possible. 

’ If o is the degree of association or of dissociation, and if 
« is the number of simple molecules which combine to form 
the associated molecule, or is the number of simpler mole- 
cules formed by the dissociation of a more complex molecule ; 
and if ifo is the observed vapour density, and 4 the theoretical^— 
(nofraal) vapour density ; then, since the vapour density if 
inversely proportional to the number of molecules, we obtain 





in the case of associating substances ; and 

4-4 

“~4(« - i) 
in the case of dissociating substances. 

Experiment.’ — Determine by the Victor Meyer or Lumsden 
method,^ the vapour density of acetic acid at a series of 

1 It may be pointed out that accurate determinations of the vapour 
density of associating and dissociating substances cahnot be carried out 
even with the ^jetor Meyer or the Lumsden apparatus, on Sreount of the 
impossibility of preventing completely the diffusion of the vapour and the 
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temperatures between 140° ai^d 040°. (For suitable heating 
liquids, see Appendix.) Plot your results to show the variation „ 
of the vapour density with the temperature, and calculate, the 
degree of association at iSo®. To break the fall of the 
weighing bottle, use a pad of asbestos fibre or a layer of dry 
quartz sand. 

Experiment. — Determine the vSpour density oT phos- 
phorus pentachloride at temperatures between 180° and 240°, 
and calculate therefrom the degree of dissociation of the penta- 
chloride into trichloride and chlorine. 

Analysis of Binary Mixtures.~A useful application of 
vapour density determinations is to the analysis of binary mix- ‘ 
tures of (normal) liquids, the vapour density of ifeich is known, 

We have ^ ^ where Wi and Wi, are the weights of the 

two liquids contained in W grams of the mixture, and d, di 
and dt are the vapour densities of the mixture and of the 
single components. Hence 

+ Wjif, W 

d^dt “ , 

From 'this, knowing the values of di and 4, W and d 
(determined experimentally), and remembering that 
Wi + Wa — W, the values of and Wj can be calculated. 

Experiment.— Sobihility of Carbon JDistd- 
phtde in Methyl Alcohol at 35 °. 

A mixture.of pure carbon disulphide and methyl alcohol, 
contained in a stoppered bottle, is placed in a thermostat at 
25° for 15-20 minutes, and is shaken at frequent intervals. 
It is then allowed to stand at rest till separation*^ of the 
mixture into two layers has taken place. A portion of the 
■ consequent alteration of its degree of association or dissociation. The 
error, however, will be all the less the wore rapidly vaporization takes 
place (remowr the stoppertfrom the weighing bottle) and the aarrower the 
vaporization bulb of the apparatus. 
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upper layer is then pij]jetted 0^, a small quantity weighed in 
,a small weighing bottle, and the vapour density then deter- 
mined. The relative amounts of the two components is then 
calculated as above. (Compare Rothmund, Zeitschr. physikal. 
C/tem., 1898, §6, ,475.) 

Refersnces . — BleiSr and i)fohn, Monatsh., 1899, 207 S^S ; Lumsden, 
Trails, Chein. Soc , 1903, 83 , 342 ; Bkckman, Chem. News, 1907, 06 , 
223; 1908, 97 , 27, 102; 1909, 99 , 87, 133; 1909, 100 , 13, 129, 174; 
f. Phys. Chem., 1908, 12 , 661 : 1909, 13 , 138, 426; Menzies, yc Amer. 
Chem. Soc., igio, 32 , 1624. 



CHAPTER IV 


THERMOSTATS 

As very many of the measurements in physical chemistry are 
markedly aifected by temperature, it is necessaiy to have some 
means vrhereby experiments can be carried dut at constant 
temperature. Constant temperature baths, or thermostc(U, are, 
therefore, a very essential part of the equipment of a physical 
chemical laboratory. 

The method employed for obtaining a constant tempera- 
ture will, of course, depend largely on the temperature required. 

^^Occasionally, changes of physical state, e.g, fusion and vaporiza- 
tion, in which the temperature is maintained constant by 'the 
process itself, can be employed with advantage ; more especially 
IS this the case whdn boiling hquids can be used. This method 
finds Its chief application when the apparatus can be entirely 
surrounded by a jacket filled with the vapour of the boiling 
liquid, €.g, in the Victor Meyer or Lumsden apparatus for the 
determination of vapour densities (p. 49), The method has 
the disadvantage that one is bound more or less to certain 
fixed temperatures; for although variations can be obtained 
by artificially controlling the pressure under which thd liquid 
boils, the apparatus thereby becomes much -more compli- 
cated, r 

The melting of substances may also he used to produce 
constant teimpeiaturesf, and in this connection the substance 
most commonly employed is ice. If a temperature of 0° is 
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desired, Ice can be us?i{i, but it^must be pure. It is therefore 
.best to employ the ordinary ice to surround a vessel con- 
taining partially frozen distilled water. 

In a similar manner other temperatures dependent on the 
existence of i.jjivariant systems can be obtained, e.g. cryohydric 
temperatures and transition temperatures of certain salt 
hydrates. (See Table I?, Appendix.) 

In by far the largest number of cases, however, constant 
temperatures are obtained by means of liquids, more especially 
of water. When the desired temperature is above that of the 
surroundings, heat is added to the bath to make up for the loss 
by radiation; if the desired temperature is below that of the 
surroundmgs, ?he temperature is kept constant by adding cold 
water to the bath. 

. The Bath . — The vessel for the constant-temperature liquid 
may vary, both as regards size and material, according to the 
purpose for which it is to be employed. For most purposes 
enamelled iron vessels are exceedingly convenient; ox one 
may also use galvanized iron baths, which are everywhere^ 
.obtainable at a small price. In the case of the latter, the 
inside of the bath should be painted either with ordinary white 
enamel, or, better, with “velure” paint. In all cases it is 
better to surround the outside of the bath with felt. 

For some purposes, e.g, measuiements of viscosity, it is 
necessary to have a transparent bath, or at least a bath with 
one of its sides transparent. In this case, a large beaker will 
often serve the purpose admirably. Or, if the temperature 
required is not very high, an inverted glass bell-jar can also be 
used ; hut in general a metal bath fitted with glass sides will 
be preferred. , Such a bath can be easily and cheaply made by 
having a strip of sheet iron bent so as to form two sides and 
the bottom of the bath, and furnished with flanged edges. The 
other two sides of the bath are then formed by clamping sheets 
of plate glass against the flanges, the joint being rendered 
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water-tight by the insertion of ^bber tybing between the glass 
and the metal flange. 

As bath liquid, the most convenient is, of course, water. 
This can be used for all temperatures up to near its boilmg- 
point; but when the tempeiature employed ip. higher than 
about 50°, it is yell to cover the surface of^the water with a 
layer of olive or paratfin oil, to prCTent evaporation. The 
presence of these is, however, always more or less objection- 
able, and they can in general be dispensed with if a constant 
level apparatus is employed. For temperatures over 100° and 
up to i4o°-iSo°, a concentrated solution of calcium chloride 
can be employed. 

Constant Level Apfaraties . — ^When the temperature is fairly 
high, or when the bath is to be in use for a considerable time, 
it is convenient to have some ^ 
jw ^ arrangement for repairing loss by 
^ evaporation and maintaining the 
\ level of the water in the thermo- 
stat. This can' be effected in 
various ways. A side tubd of 
the form shown in Fig. 15 may 
be permanently attached to the 
bath j water passes into the side 
tube and the bath through a, and 
the excess flows out through b. 
The water is therefore maintained 
at the level of the upper end of b. 

Even when the, thermostat is not furnished with this 
constant-level apparatus, the same device, in a modified form, 
can readily be made from ordinary laboratory materials and 
used with any thermostat. This form of the apparatus is shown 
in Fig- 16. 

This apparatus is constructed of glass tubing fitted together 
as shown in the figure. Before using, the tubes E, F, and D 
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thermostat 


are filled with water and aftgr the tube B has been filled 
water up to the end of the waste-pipe C, water will 
syphon off from B into 
the thermostat W, until 
the level of t^e water in the 
latter rises to that in the 
tube S. The appara'!us 
then acts in exactly the 
same manner as that shown 
in Fig. IS. 

The tube E, it may be 
mentioned, is necessary in 
order to act a’S an air-trap. 

By this means the blocking 
of the syphon tubes by air- 
bubbles given off from the 
water is prevented. When 
too much air be- 
gins to collect in 
Ej'it can be re- 
moved by sucking 
through the 
rubber tube G 
which is ordin- 
arily closed by 
means of a screw- 
clip. 

Regulation of 
the Tmperatiire. 

—When temperatures above that of the surroundings, are to 
be maintained, heat must be added to thp bath. This is 
generally effected by means of a gas flame, the size of 
which is automatically regulated by means of, a thermo- 
regulator. 



Fig. i6. 
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Various forms of gas therpio-regul^ors have been intro- 
duced] one of the most suitable for ordinary purposes is 
shown in Fig. 17, which is very suitable 
when the vessel is not too large, and 
wheie the bath liquid is efficiently stirred. 
The wide end of the tube X is filled with 
toluene (on acdlmnt oi its consideiable 
thermal expansibility and its fairly high 
boiling-point), while the bend and the 
narrow upright tube are filled with mer- 
cury. The upper end of the tube is of 
small bore, in order to increase the sensi- 
tiveness of the regulator b^ giving a rela- 
tively large rise and fall of the meniscus 
for a given change of volume of the , 
toluene. The gas passes in through the 
tube B, which is fixed by means of a 
cork in the upper expanded end of the 
j 1 j j regulator tube, and thence through the 

side tube C to the burner. If the tempe- 
rature of the bath should rise too high, 

■ J J I the toluene expands and raises the sur- 

face of the mercury in the narrow tube, 
Fm. 17. thus closing the end of the inlet tube B, 

and cutting off the gas supply. In order 
that the flame may not be completely extinguished, there is a side 
tube D (a by-pass), of india-rubber, thiough which gas passes 
directly to the burner. The clip on the rubber tube should 
be so regulated that the amount of gas which passes when the 
end of B is closed by the mercury, is just msufficient to main- 
tain the thermostat at the desired temperature. When the end 
of the tube B is closed, theiefore, through the elevation of the 
mercury, th^ flow of heat to the thermostat will be diminished ; 
the temperature will fall, the toluene will contract, the mercury 
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meniscus will fall and^o openJ:he end of B again, and allow 
a larger supply of gas to pass. By means of this regulator, 
therefore, there will be a fluctuation of temperature about a 
certain mean value j but if the regulator is working properly, 
the fluctuation should not exceed o’i°. 

Filling and Adjusting the Thermo-regulator . — Remove the 
inlet tube B and close tl?e upper end of the regulator tube by 
means of an unbored cork. To the end of the exit tube C 
attach, by means of a piece of india-rubber tubing, a glass tube 
furnished with a stop-cock. Attach the end of the rubber tube 
D to a water pump, and exhaust the regulator, the stop-cock 
attached to C being meanwhile closed. Then close D, and 
open C undeJ' toluene. After toluene has passed into the 
apparatus, close C and again exhaust, placing the tube this 
time in a beaker of warm water, so that the toluene boils and 
expels the air. Close D and open C again under toluene, 
when a further quantity of toluene will enter the regulator. 
This operation must be repeated, if necessary, until the tube A 
is nearly full of toluene. Now remove the cork closing the^ 
end of the regulator tube, and pour in a quantity of mercury ; 
replace the cork, and, inclining the tube so that the mercury 
leaves the end of the capillary fiee, exhaust the tube once 
more j place the tube upright and admit air. This operation 
must be repeated until there is sufficient mercury in the 
regulator. The amount of mercury will, of course, depend on 
the temperature at which the regulator is to be used ; for ordi- 
nary purposes, one may introduce sufficient mercury to fill the 
narrow upright tube and form a layer about i-i'S cm. deep 
in the wide tube A. ' Any toluene which may have collected 
on the top of the mercury must be removed by means of a 
plug of cotton-wool, or by means of filter paper. 

* If sufficient cate is exercised, the following method of, filling the 
regulator may be employed : Warm the bulb A so as to Sipel some of 
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The quantity of mercury mast now roughly adjusted for 
the temperature at which the regulator is to be used. For 
this purpose, the regulator is placed m a 
bath of water at the desired temperature for 
several minutes. If too mucj;i mercury has 
been introduced, the excess is remoyed by 
means of a pipett/’(for which purpose that 
shown in Fig. rS is very useful), until the 
mercury meniscus occupies the lower end 
of the tube above the capillary. If too 
little mercury has been introduced, then 
the regulator should be placed m a beaker 
of warm water so that the '’surface of the 
mercury rises above the end of the capil- 
lary, and a further quantity of mercury 
should then be poured in. The regulator 
is then placed in the bath again and the 
level of mercury adjusted. The exact ad- 
justment is carried out by means of the 
inlet tube B. 

Where the bath is larger, it is preferable 
that the regulating bulb should be laid along 
the bottom of the bath. In this case the form of regulator 
shown in Fig. 19 is very suitable. The large bulb, which 
rests on the bottom of the thermostat, has a long bent neck 
which passes up the side of the thermostat and connects with a 
U-tube, the bend of which is filled with mercury. The bulb 
and connecting tube may be filled either with toluene (in 
which case the connection at a must be made without rubber), 
or, as is also very suitable for many purposes, with a xo per 
cent, solution of calcium chloride. 

cools, toluene will be drawn into the tube. Re-warm the tube, and again 
allow toluene''to be drawn'into the regulator J and proceed in thib way pll 
the tube is full. 
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As indicated in Figy, ig, thejcegulatmg liquid fills the bulb 
and part of the adjacent limb of the U-tube. The small 


c 



reservoir b serves to regulate the amount of liquid in the bulb, 
and thus roughly to adjust the temperature. The stop-cock 
connecting the reservoir with the (J-t^be should be left open 
until the temperature of the bath has come to within one or 
two tenths of a degree of the desired temperature. The final 
adjustment is then made by laismg or lowermg the gas inlet 
tube c. 

The regulator can be made more sensitive by arranging 
that the U-tube also is immersed in the water of the thermostat, 
whereby the mercury is withdrawn from the influence of 
changes of temperature outside the bath. 

The maintenance of a constant bath temperature lower 
than that of the surroundings is effected by mems of a regu- 
lated stream of cold water. For this purpose the Foote 
regulator is very suitable (Fig. ao).' This is filled with toluene 
and mercury as in the case of the gas regulator shown in 
Fig. 17, and the adjustment of the mercury leveb,is effected 
by means of the screw working in the side tube «. A felow 
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stream of ice-cold water flows jp at h. ,i(When the temperature 
of the hath is below the desired temperature, the mercury in c 
falls and the end d of the tube f is opened. 
The cold water thus flows out through the 
tube / to the waste. As thg temperature 
rises, the mercury also rises and closes the 
opening d, and the iCe-cold water now flows 
out through g to the bath. The amount 
of water flowing through h must not be too 
great, and must be so regulated that it can 
be earned away by the tube df when the latter 
is open. 

Shirers . — In order to maintain a uniform 
temperature throughout the bath, it will be 
fl found necessary in most cases to stir the water, r 

In many cases, where the temperature is not 
too high, and where, therefore, evaporation is 
not too great, the stirring may be effected by 
means of a current of air. A piece of soft 
metal tubing (corapo. tubing), closed at one 
end and bent in the form of a ring, is laid on 
the bottom of the thermostat, and the open end 
of the tube, which passes up above the surface 
of the water, is attached either to a supply of 
Fio. 20. compressed air, or to a blower. The ring of 
tubing in the bath is pierced at intervals by a 
number of pin-holes, through which the air can escape and 
thus stir the water. 

A convenient water-blower can be fitted up as shown in 
Fig. ar. Into the neck of a moderately large aspirating bottle, 
a, are fitted air-tight, by means of a rubber stopper, the filter 
pump b, connected with the water supply, and the outlet tube c. 
Water, carwing air with it, passes into the bottle, where the 
water collects while the air passes out through c. The pressure 
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is legulated by regulating the flow of water through the tap d 
(whjch can also be replaced by india-rubber tubing and a 
screw-clip). 

In general, however, a mechanical stirrer driven by a water 
turbine, hot-ajf engine, or electric motor, will be found most 
convenient. Thgse stirrers may be of veiy varied form. 



according to particular requirements. Stirrer i (Fig. 23) is 
perhaps the simplest, while it is at the same time very efficient. 
It consists of a glass tube bent sharply as shown, and at each 
bend a hole is blown m the glass. 

When the thermostat is narrow {e.g. a beaker), and when it 
contains apparatus permitting of little room for the stirrer, 
either of the forms shown in 2 or 3 is very conveni«*nt. In 2, 
the Witt stnrer, water is drawn in at the lower end of the bulb 
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and thrown out at the sides, r Stirrer ^ consists of a glass or 
metal rod to which a spirally bent tube is attached. The 
stirrer is rotated in the direction in which the lower end of 
the tube points, the water being thus forced up the tube. 

As a beaiing for the different stirrers, one fUiay employ a 
piece of glass pr metal tubing, slightly wider than the stem of 
the stirrer. If kept well lubricated by means of vaseline, this 
makes, on the whole, a fairly satisfactory beanng. For long- 
continued use, however, and especially when the rotation of 
the stirrer is rapid, a much better bearing is obtained by using 
a bicycle hub with ball bearings. In this case the stirrer is 
attached to the axle either by means of sealing-wax or Chat- 
terton cement, but preferably by means of a screw-cap, whereby 
different forms of stirrer can be fixed to the same hub. The 
driving pulley is screwed on to the upper end of the axle. 

Fiihng up a Thermostat . — The bath having been placed 
in position, the regulator (filled and adjusted according to 
P‘ 73)) thermometer graduated in tenths of a degree, 
and the stirrer, are supported within the bath by means of 
retort clamps. The regulator is then connected with the ''gas 
supply and with the small burner for heating the bath.^ For 
temperatures up to about 40®, a small burner giving a luminous 
flame may be used, and the flame should be protected from 
draughts by means of a cylinder of glass, mica, or asbestos. 
(The jet of a Bunsen burner from which the tube has been 
removed is very suitable for this purpose.) For higher tem- 
peratures — above 50° — the large luminous flame necessary to 
maintain the temperature will give rise to too much soot. It 
is, therefote, better to supply most of the heat to the thermostat 
by means of a Bunsm flame which is so regulated that, by 
Itself, it mainta 1 j®^iS^^mperature about half a degree below 

* I'or all^dnnect^nS'df this nature, compo. tubing is veiy suitable ; it is 
not only less expensive than rubber tubing, but there is not the same danger 
of the gas supply being accidentally cut off owing to compression of the tube. 
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that desired. The ina!>ptenanc^ of the desired temperahire is 
then effected by means of the luminous flame attached to the 
regulator. One may also use a Bunsen burner alone, connected 
with the thermo-regulator. Whenever a Bunsen flame is used, 
a gauze-cap qj a rose burner should be placed on the end of 
the tube, to prevept the flame striking back. ^ 

In fitting up a thermostat for the first time, the latter should 
be filled with warm water of nearly the desired temperature, 
and the temperature then further raised by means of Bunsen 
burners. In this way, raise the temperature, moderately slowly 
towards the end, to about o’l® below the desiied temperature; 
light the burner connected with the regulator, and adjust the gas 
inlet tube of th^latter so as just to touch the top of the mercury. 
It will then soon be ascertained whether the tube must be 
•slightly raised or slightly depressed further. The by-pass should 
be so regulated that when the end of the inlet tube is closed, 
the flame is just insufficient to maintain the desired temperature. 

For supporting flasks and other vessels m the thermostat, a 
sheet of stout galvanized ii-on or copper netting can be suspended 
froth the edge of the therriiostat by means of wire hooks. 

Circulation of Water. — The maintenance of a constant 
temperature in apparatus outside the thermostat (e.g. refracto- 
meter) is most easUy effected by passing through the apparatus 
a stream of water heated to the desired temperature by passing 
through a coil of metal tubing (compo. tubing) immersed in 
the thermostat. In this case, as there is a fall of temperature 
outside the thermostat, the temperature of the latter will require 
to be regulated to a slightly higher temperature than that 
desired in the apparatus. ' The necessary temperature will, of 
course, depend on the length of the outside circuit and the 
velocity of the stream of water, and must be determined by trial. 
A preferable method is, however, to circulate water fron^ the 
thermostat by means of a pump.^ 

Such as is supplied by the Albany Engineering Co., Ossoiy Road, 
London, S.E. • 
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For raost purposes it will b-e found /!liat the Luther pump > 
is very efficient and convenient to use. A diagram of ..this 
pump is shown in Fig. 23. Attached 
to the pulley m, is the rod a, which 
carries at its lower fCnd, the four 
hollow arjas b, with whiQ,h there 
also communicates the tube d. 
This series of tubes is enclosed 
within the metal box ^ furnished 
with the outlet tube g. The axle 
rod, a, runs in the bearings k en- 
closed within the tube ?i. 

To use this pump for the cir* 
culation of water at constant tem- 
perature, it is clamped to the side" 
of a thermostat so that the metal 
box / is entirely submerged. On 
causing the hollow cross to rotate 
rapidly (by means of an electric 
motor, for example), water is sucked in at d and forced "out 
through g. By this means water from the thermostat can be 
caused to circulate through apparatus and be returned again 
to the thermostat. 

Electrically Heated and Controlled Thermostats. — 

When electrical current is available it is not only very con- 
venient, but also, on account of the safety from fire, very 
advisable to use electricity for the purpose of heating the 
thermostat, the current being passed through a heating resist- 
ance immersed in the water of the thermostat. As heating 
resistance one can employ either one or more incandescent 
electric lamps ^ or an insulated coil of wire. This heating 

'•Plijainablefrom F. Koehler, Windscheidtstrasse, 33, Leipzig. 

“For tffis purpose one can employ lighting lamps made with along 
glass stem so as to allow of the globe being completely immersed in the 
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resistance is best connected ^/*ith the main lighting or power 
circuit. 

The heating current is controlled by means of an electro- 
magnetic relay, in conjunction with a 
thermo-regulator. The ordinary toluene- 
mercury regulates: (Fip^ 17), modified 
as shown in Fig. 24, can be employed. 

As will be seen from the figure, a 
platinum wire, a, is sealed into the stem 
of the regulator so as to make contact 
with the mercury, while a second plati- 
num wire, d, w supported in- the mouth 
of the regulator. These two platinum 
wires are connected with a small battery 
’through the coils of the relay. When 
the mercury rises in the regulator, con- 
tact with the upper platinum wire is 
made, whereby the electric circuit through 
the coils of the relay is closed. The end 
of Ehe beam of the relay is attracted and 
the heating ciicuit broken at the mercury 
cup c (Fig. 25). When the bath cools 
down, the contact between the mercury 
of the regulator and upper platinum 
wire, and consequent^pp current through 
the coils of the relay, is broken ; the beam 
of the relay is then puUed^down by a spring 
and contact again made at the cup c, 
whereby the heating circuit i^,again 
closed. 




Fig. 24. 

water of the thermostll, Or the ordinary lamp and holder can beused, 
provided the latter is ‘suitably protected from the water. In^^^tPof the 
lighting lamps one may preferably employ a long-globed lamp such as is 
used for electric radiators. ' 
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In order that this apparatus shall wAk satisfactorily over a 
lengthened period of time, the platinum-meicuiy contacts ipust 
be kept clean ; spaiking at these points must therefore be'^^re- 
vented. This can be done veiy easily by inserting a condenser 
A, consisting of two aluminium plates immemed m soapy 
water, across 'the spark-gaps. It is ap advantage also jto keep 



prevent sticking between the mercury and the platinum.' 
Sufficient tremor can generally, be obtained by attaching both 
stirrer and regulator to the side of the thermostat. 

Fig. 25 gives a diagrammatic representation of the arrange- 
ment. 

— Lowry, Tfatis. Chem. Sot., 1905, 81 , 1030 j Marshall, 
Trow. Faraday Sot., 1912', 7 , 249 ; Gumming, ihd., 253 3 Derby and 
Harden, J, Amer. Cliem. Sot., 1913, 36 , 1767. & 



CHAPTER V 

viscosiry and svrpacs, tjsnsion 
A. — Viscosity 

When a liquio' flows through a narrow tube, the velocity of 
flow will depend, in the first place, on the force which pro- 
-duces the flow. All paits of the liquid, however, do not move 
through the tube with the same velocity, but the layers next 
the sides of the tube move more slowly than the middle layers. 
There is thus a shearing, or a movement of the different layers 
past one another in the direction of flow; and this displace- 
ment of the different layers relatively to one another is opposed 
by th§ internal friction or viscosity of the liquid. We can, 
therefore, regard the liquid as made up of a number of con- 
centric tubes sliding past one another like the tubes of a 
telescope. 

When the liquid is moving through the nairow tube, there 
will be a dohstant difference in velocity between the different 
tubes of which we have regarded the cylinder of liquid made 
up, and it has been found that the foice per unit area w'hich 
’p^efcessary to maintain this condition is proportional to the 
'‘difference, of velocity, v, of two adjacent tubes (or their relative 
velocity of displacement), and inversely proportional to their 
distance, a;, apart, i.e . — ■ 


Force = « x - 
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where ij is a constant known as the coejff&ient of viscosity. When 
the velocity of displacement of two layers is equal to the dis- 
tance between lire layers (w = a:), the force per unit »aiea 
Irecomes equal to the coefficient of viscosity. This gives the 
definition of the latter quantity. eo 

For the flwr of a homogeneous ]^qutd through a papillary 
tube, the expression has been deduced — 



where p is the driving force, r is the radius of the tube, t is the 
time required for the volume, V, of liquid to flow through the 
tube of length /. This formula holds strictly, however, only 
when the velocity of the liquid on leaving the tube is zeio ; 
and when this is not the case, a correction for the kinetic' 
energy of the liquid must be introduced. It is, therefore, 
better in practice to use an apparatus of such a form that the 
value of this correction is reduced to such an extent as to be 
negligible. For our present purpose no account 
need be taken of it. 

The apparatus now generally employed for 
the determmation of the viscosity of liquids, is 
the Ostwald modification of Poiseuillels appart 
atus, shoivn in Fig. 26. It consists of a fine 
capillary tube (about 10 cm. long 
mm. bore), thrsugh which a 'definite v^umf 
liquid — namely, that contained betwemi thsitwo^ 
marks c and (f— is dlowed to flow inder , the Force 
of its own weight. A definite volume of- liquid 
is introduced into the larger bulb) e thrOiigh the' 
tube f by means of an accurately calibrated 
pipette (see p. 32), and is then, either byjbtfvw' 
mg through f or by sucking at «, forcbd.ni^ 
through the capillary until the level of the liquid ris6s .above 


Oi 


' a 


D 
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the upper mark c. liqi;id,is then allowed to flow back 

through the capillary, and the time required foi>thte' surface of 
the'jiquid to pass from the mark c to the mark ^ 

The force drivmg the liquid through the capillary is equal* 
to hy. SxY. where h is the mean diflference of level of the 
liquid- m the two, limbs of the tube, Si is thq^ensity of the 
liquid, apd g is the acceleration of gravity. If, now, the same 
volume Of a second liquid is introduced into the tube, the 
mean difference of level of the two liquid surfaces will also be 

h, so that the diiving force is now // X Ja X g) or the driving 
force IS proportional to the densities of the two liquids. But 

we have already seen that the viscosity, is equal to 

i, e, for a given apparatus and the same volume, V, of liquid, 1; 
,is proportional to the driving force and to the time of outflow. 

Hence— 

’Z? = ^ Va 

h.s-^.g.t^ Jj/, 

■* This expression gives the viscosity of the second liquid 
relatively to that of the first. For many puiposes oply the 
relative viscosity of a liquid is required, and as comparison 
viscosity that of water at some particular temperature, either 
0° or ,15®, is generally chosen. It is, of course, easy to obtaip . 
Sie coefficient of viscosity of a liquid in absolute units, by sub- 
igtitutin§,in the al^e equation the value in absoWle units of ift', 
the ooeffioj^t of.viscdSity of the comparison liquid.' . ' " * 

* the viscosity tube must be tliorbugKly - 

cteaff^^'^|h^^iere are no obstructions in the capillary, and 
the: Jdp%nliisWun clean from the glass without leaving drops 
behind-'* "’I'o ^oure this, the tube should be kept filled for 
.^i^me hours with a warm solution of chromic acid (sffin^ic 
^id and' potassium bichromate), and then thorough .-j^a shed ’ 
with distilled water, which may be drawn through the lube Mith 
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the aid of a filter pump. The»tube is tfen dried by heating in 
a steam oven, and drawing air, filtered through cotton-wool, 
through the tube ; or it may be washed with alcohol and ether, 
and the latter removed by a current of air. 

As the viscosity of a liquid varies greatly witjf, the tempera- 
ture (roughly rfteper cent, per degree), the tul;^ and liquid must 
be kept at a constant temperature during the measurement. 
The tube is therefore suspended in a bath, the temperature of 
which can be regulated to within o'i°. As it is necessary to 
watch the flow of liquid, the thermostat must be transparent, 
or have transparent sides. We may therefore use a large beaker 
fitted with a thermo-regulator (p. 72) and stirrer, preferably a 
turbine or tube stirrer (p. 77); or a metal bath with transparent 
sides (p. 69). The viscosity tube must be supported in a per- 
pendicular position, and should be so far immersed in the liquid' 
of the thermostat that the upper mark c is well beneath the 
surface. As a support for the tube, one may employ either an 
ordinary retort clamp, or a special clamp attached to the side 
of the thermostat. A simple holder for the tube can also be 
made as follows ; — 

A loop, just large enough to allow the nanower limb of 
the viscosity tube to pass through, is made on two pieces of 
fairly thick copper wire, and these are then hound tightly round 
a small wooden block, so that the one loop is perpendicularly 
above the other (Fig. 27). The wooden block is then cemented 



to a bar of plate glass or metal, which can be laid across the 
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top of the thermostat. The ^viscosity tube is supported in 
position by passing the end of the narrower limb through the 
wirg loopsj and then slipping a rubber band (cut from a piece 
of tubing of proper size) over it, so that tire rubber ring rests 
on the upper ^wire loop. If necessary, the tube may be slightly 
weighted by hooking a strip of lead mto the ben^f the viscosity 
tube. 

For determining the time of outflow, a stop-watch, reading 
direct to o'a second, should be used. 

Experiment. — Determine the Relative Viscosity of Benzene, 
and the Infltience of Temperature on the Viscosity. 

Set up a transparent thermostat and stirrer, and adjust the 
temperature ti) 25'o° (p. 71). Having thoroughly cleaned a 
viscosity tube, introduce into the larger bulb e, by means of a 
- calibrated pipette, a volume of water, recently boiled and 
allowed to cool, suflScient to fill the bend of the tube and 
half, or rather more than half, of the bulb e. Fix the viscosity 
tube in the theimostat, and after allowing 10-15 minutes for 
the temperature of the tube and water to become constant, 
attach a piece of india-rubber tubing to' the narrower limb of 
the viscosity tube, and suck up die water to above the mark c. 
Then allow the water to flow back through the capillary, j.nd 
determine the time of outflow by starting die stop-watch as the 
meniscus passes the upper mark c, and stopping it as the 
meniscus passes the lower mark d. Repeat the measurement 
four or five times, and take the mean of the determinations. 
If the time of outflow is about 100 seconds, the different 
readings should not deviate from the mean by more than 
o'i-o’3 second. Greater deviations point to the capillary tube 
being dirty. 

The viscosity tube and pipette must now be dried,' and 
an equal volume of pure benzene introduced into theUjJ^e in 
place of the water. Readings of the time of outflcW*®^hen 
,,,-made as in the case of water. The density of benzene at 25“ 
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compared with that of water aj 25° (set p, 43) is then deter- 
mined, and the viscosity of benzene, lelative to that of water 
at 25°, is calculated by means of the formula — * 

_ (time X density)b,„„„, 

~ (time X denutlOwr •> 

To determ^ the influence of temperature on the viscosity, 
the time of outflow and the density (compared with that of 
water at 25°) should be determined at mtervals of 5° between 
the temperatures of 25° and 50°. The values are then plotted 
on squared paper, and the value of the temperature coefficient 

^ for each range of 5° calculated. ^ 

Exeicise, — Taking the value in absolute (C.G.S ) units of 
the viscosity coefficient of water at 25° as equal to 8 95 X 10“^, 
calculate the value of the viscosity coefficient of benzene at 
10°, 30 °, 30°, 40°, 50° j the values of the relative viscosity to 
be read from the smoothed curve obtained in the preceding 
experiment. Compare the results with the following values : — 

Viscosity Coefficient of Benzene in Absolute Units ' 


Temperalure 

.,x«’ 

10° 

7'S9 

20° 

6 40 

30° 

5 62 


492 

s°° 

437 


The errors should not exceed i per cent. 

For table of viscosities, see Appendix. 

B. — Surface Tension 

Several methods have been devised for determining the 
suiface tension of liquids ■, one of the most important of these 
beid^fif^etermi nation of the height to which the liquid rises 
in a capillary tube. 
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If we denote the vilue of tlje surface tension by y, and by 
h the height in centimetres, to which a liquid of density s nses 
in a^tube of radius r cm., we obtain the expiession — 
y ’==\Ji.r.s,g 

where g is the value of gravity (981 dynes)*, ^e thus obtain 
the value of the surface telision in absolute units (dynes per cm.). 

The value of y is dependent on the nature of the liquid and 
also on the temperature ; rise of temperatuie being accompanied 
by a decrease of the surface tension. 

Suppose a giam molecule of a liquid suspended in a medium 
of the same density so that it is withdrawn from the action of 
gravity. The '^quid will assume a spherical foim, and tlie 
surface of the sphere may be called the molecular surface. 
xSince any given area on the moleculai surface of different 
liquids will contain the same number of molecules, the product 
of surface tension and the molecular surface of different liquids 
should be comparable quantities. 

Since the volumes of different spheres vary as the cubes 
antf the surfaces as the squares of the radii, it follows that the 
molecular surfaces aie proportional to V 3 , where V is the 
molecular volume, or volume of i gm. molecule. Multiplying 
this quantity by the surface tension, we obtain yVi or y(Mw)^, 
where M is the molecular weight and v is the specific volume. 
This expression y(Mi /)3 is called the molecular suiface enagy. 
The molecular surface energy is a linear function of the 
temperature ; that is to say, the difference of molecular surface 
energy at two temperatures, divided by the difference of tem- 
perature, is constant. Moreover, the numerical value of this 
constant is approximately the same for different liquids (with 
certain exceptions), viz. a'la when y is measuied in absolute 
units. Foi different liquids, therefore, we have the expression — 
1 It is assumed here that the angle of contact between thrtfmd and 
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yi(MPj)^ - Yr(Mga)^ J\.^„ ' 

4 - /j 

The molecular surface energy is therefore a colligaiive 
froperiy, and can he used for the determination of molecular 
weights. In ^is rvay it has been found thaj: in tire case of a 
number of liquids, more especially'’ liquids containing the 
hydroxyl group, the value of the above expression, when 
calculated by means of the normal value of the molecular 
weight, is less than a’lzj and in order to obtain the latter 
value, It is necessary to multiply the normal molecular weight 
of the substance by a factor x greater than unity. This factor 
is called the association factor^ and gives the iramber of times 
the mean molecular weight of the liquid is greater than the 
normal molecular weight. 

Apparatus. — For tire purpose of the following experi- 
ments the simple apparatus shown in Fig. 28 may be em- 
ployed. The capillary tube (diameter of bore about 0*4 mm.) 
passes through a cork fixed in the neck of the wide tube (a 
Beckmann freezing-point tube serves admiiably), in which 
the liquid to be investigated is placed. On the capillary tube 
a millimetre scale is etched; or a millimetre scale ruled on 
glass or opal is attached by means of fine platinum or nickel 
wire to the capillary tube. The height to which the liquid 
rises in the capillary tube is then read off by means of a ' 
reading lens or a telescope, placed at a convenient distance. 

Experiment. — Determine the Radius of the Capillary Tube. 

The radius of the bore of the capillary tube can be most 
conveniently determined by measming the rise of a standard 
liquid, e^, benzene, in the tube at a given temperature. 

Fit up a thermostat with transparent sides (p. 69), or a 
laigebeaker, and regulate the temperature to o‘i° in the neigh- 
bours^ of 20°. Thoroughly clean the capillary tube with 
chromic acid mixture, wash well with distilled water, then with 




twice 
in the 


outer tube (Fig. 28), and fix the cork 
carrying the capillary tube in its placej 
the capillary, however, being drawn 
so far through thg cork that the lower 
end does not dip into the benzene. 
Support the tubes in a perpendicular 
position in the thermostat, and, after 
the benzene has taken the temperature 
of the bath, lower the capillary and 
scale so as to dip beneath the surface 
of the benzen‘8. By means of a tube 
passing through a cork in the side 
tube, cause the benzene to pass up 
and down the capillary, so that the 
walls of the latter may become com- 
pletely wetted. By means of a tele- 
scope placed at a convenient distance, 
read the position on the scale of the 
benzene meniscus in the wider tube 
and in the capillary. Three or four 
readings should be made, both after 
the benzene has been made to rise 
above (by blowing through C), and 
made to fall below (by sucking through 
C), its final position. The different 
readings should not differ from the 
mean value by more than ± o'z mm. 



from one another. Greater deviations 


point to the capillary tube being dirty. 

Having determined the rise of liquid at 20”, r epe^ the 
determination at, say, 40° j the temperature being i^m kept 
constant to within As tlie rise will in this case not be so 



92 f PRACTICAL PHYSICAL CHEMjSTRYn 

great as in the former case, Jthe capiG'ary must be lowered 
further into the benzene, in order that the meniscus in the 
capillary shall stand at the same point as before. If necessary, 
a further quantity of benzene should be poured into the outer 
tube. p 

From thesgjwo determinations of the ris^e of benzene, the 
radius of the capillary at the point at which the meniscus stood 
can be calculated from the equation y = \,h.r .s . g, provided 
that we know the value of y and of s, at the temperatures of 
the determinations. These can be obtained by plotting the 
following values of y and of s for benzene, and reading off the 
values at the appiopiiatc temperatures from the cuives. 


Surface Tension and Density op Benzene 


Temperature. 

V 


10 0° 

2936 

0-888S 

46-2“ 

24-67 

0-8499 

782° 

20-68 

0-8147 


The mean of the values obtained at the two temperatures 
may be taken as the true value of the radius. 

Experiment. — Deta mim the Molecular Surface Bnei gy and 
the Association Factor of Ethyl Alcohol. 

Having thoroughly cleaned the outer tube and capillary 
(the latter should be washed out once or twice with puie alcohol 
before use), the apparatus is again fitted together and fixed in 
the thermostat, which should be regulated for a temperature of 
about 20°. The amount of alcohol placed in the outer tube 
should be so regulated that the meniscus in the capillary stands 
at the same point as in the case of benzene. The capillary 
rise*i??Sr“rmined in the same way as before ; seveial readings 
being taken both with falling and with rising meniscus. 
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A similar set of readings should be taken at a higher tem- 
pe^iture, say about 40°. 

The density of the alcohol at the same temperatures as 
above must also be determined (p. 43). 

From the«value of the capillary rise, the density, and the 
radius pf the capillary ^ determined in the pnaceding experi- 
ment, the value of the surface tension at each temperature can 
be calculated. Compare the results with the values obtained 
by' plotting the following values : — 


Surface Tension of Alcohol 


VmperHure. 

Y 

* 10*0° 

2291 

20 0° 

22-03 

40*0° 


600° 

i 8'43 


An eiror of o'5 per cent may be allowed m the values of 
the surface tension. 

From the values of the surface tension at the two tempera- 
tures, calculate the value of the molecular suiface energy at 
each temperatuie, and also the mean value of the temperature 
coefficient between the two temperatures of experiment. From 
the value of the coefficient (i) so found, calculate the associa- 


tion factor X by means of the expression x = 


Drop Method.— The value of the surface tension can also 
be obtained by determining the weight of the drop of liquid 
which falls freely from the end of a tube. If it is again assumed 
that the angle of contact between the liquid and the tube is 
zero (which is, however, in general, not strictly corre ytl we 
have 2irr.y — \Y = v.d, where 2irr represents tH^eSernal 
circumference of the end of the tube ] W, the weight of the 
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drop ; w, its volume ; and d, the density (specific gravity). For 
relative determinations it is easier, instead of determining ,the 
weight of the drops, to determine the number of drops forfiied 
by a giver volume of the liquids. If 
one emplo;s the same dropping tube, 
then, since flie^umbec of drops,yielded 
by the same volume of liquid is inversely 
proportional to the volume of a single 
drop, we have 

_ ^^3^1 
ya ~ Z'afla ~ n-^d^ 

where yi and are the STirface tensions 
of the two liquids ; and Wi and Kj are 
the number of diops given by the same » 
volume of the liquids, the densities of 
which are d^ and <4 respectively. If the 
surface tension of one of the liquids 
IS known, that of the othei can be 
calculated. '' 

Traube’s Stalagmometer. — For 
the determination of the surface tension 
by the drop method, the Traube sta- 
lagmometer is convenient and accurate. 
A diagram of the apparatus is shown in 
Fig, 29. The dropping-tube or sta- 
lagmometer, A, consists of a capillary 
tube the end of which is flattened out 
(m order to give a larger dropping sur- 
Fig. 29. f3.ee) and the surface is then carefully 

ground flat and polished. The capillary 
is sea led on to a wider tube on which a bulb is blown, and 
on the^Jtmr of the tube two marks are etched, one above and 
one below the bulb. The deteimination of the surface tension 
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then consists in counting the number of drops which fall from 
the, end of the stalagmometer while the level of the liquid falls 
from the upper to the lower mark. To increase the accuracy 
of the readings, the tube ab®e and below the bulb is marked 
with a scale. #With the helAf this, fractions of a drop can be 
estimated, with aa accur^i^of 0*05 of a dropjoy first deter- 
mining how many scale divisions correspond to one drop. 
While making this preliminary determination the flow of liquid 
fiom the stalagmometer may be retarded, if necessary, by 
placing the finger lightly on the open end of the tube. 

Gieat care must be exercised to ensure that the dropping 
surface is perfectly free from greasiness. It must be carefully 
cleaned by means of chromic acid mixture, and polished, when 
necessary, by means of a piece of fine soft linen or clean cotton 
‘wool. Even slight traces of grease on the dropping surface 
will markedly alter the size of the drops formed. Care should 
also be taken to preserve the apparatus from being shaken 
while an experiment is being carried out, as theieby the drops 
of liquid may be caused to fall before they have attained their 
maximum size. For the same reason the velocity of flow of 
the liquid must be regulated so that the drops aie not formed 
too rapidly ; and although the rate of diopping may be varied, 
up to a certain point, without affecting the size of the drop, it 
should not be allowed to increase above a maximum of 20 
drops per minute. If the nafural late of dropping is greater, 
it must be retarded, either by placing the finger lightly on the 
upper end of the tube, or, better, by attaching to the latter a 
piece of fine thermometer capillary tubing of greater or 
shorter length according to the rate of dropping. 

For determinations with liquids of greatly different viscosity, 
and, consequently, different rate of dropping, one may also 
use stalagmometers with capillary tubes of different bom^ 

In order that the deteiminations may be carriea out at 
constant temperature, the end of the stalagmometer is passed 
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the latter is turned by meanshof the fine-adjustment screw G 
(Fig. 34) until the cross coincides with the upper edge ofi the 
violet line, G', when the angle is again read. 

Instead of reading the angle of emergence for each line on 
the scale of the disc, it is only necessary to do s€ for one of the 
lines, the position of which is determined accurately. The 
position of the other lines is then determined by difference by 
means of the scale on the drum-head of the micrometer screw 
G. This drum is graduated into 200 parts, and moves in 
front of a horizontal scale, graduated into divisions corre- 
sponding to degrees and thirds of a degree (20'). One com- 
plete turn of the micrometer screw causes the drum to advance 
or retreat across one of the subdivisions of the horizontal scale, 
and the telescope to move through an angle of 20'. Con- 
sequently, as there are 200 divisions on the drum, each of 
these is equivalent to o’l'. The use of the graduated drum is 
especially advantageous for the determination of the angle of 
dispersion of a substance; and the only precaution that requires 
to be observed in its use is to turn it always in the same 
direction when brmging the cross-wires of the telescope into 
coincidence with the bomidary-hne of light. 

Having obtained the value of the angles of emergence for 
the C and G' lines, the value of the refractive index is obtained 
from the tables (p. 106), the numbers in the columns C, F, G' 
giving the numbers (in units of the fifth decimal place) which 
must be subtracted from or added to the value of in order 
to give the value of the refractive mdex for the other lines. In 
the case of the C line, the correction value must be subtracted 
from the value «i,; in the case of the F and G' lines, the 
correction value must be added. Thus, suppose the angles 
read were 64° 30' and 65° o' for the C and G lines respectively, 
then, from the tables we obtain — 

«c = 1-34647 - 0-00588 = 1-34059 
= 1-34397 +0-02735 = 1-37132 
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From the values of the refractive index, the molecular lefrac- 
tivity Jor the C and G' lines should be calculated, and also the 
valuff of the molecular dispersivity (the diflference of the mole- 
cular refractivities) between the Cand G' lines; and the numbers 
compared with ttie sum of the atomicrefractivities given on p. 107. 

Refractivity 0$ Substances in Solution.— In the case 
of not too strong solutions, the refractivity of the solute can 
be determined (with fair approximation, at least') from the 
values of the refractivity of the solution and of the solvent, 
accordmg to the ordinary mixture formula. Let w,, «2, and «3 
be the refractive indices of the solute, solvent, and solution 
respectively, and if,, d, the corresponding densities; then, 
if the solution contains p per cent, of the solute, we obtain 
(using the R''’ formula (Gladstone and Dale))— 

fia — 1 _ fh ~ 1 / fh — I 100 — p 

di ~ di ’ 100 dj ‘ roo 

or — 

H, — I _ «3 — I roo — I TOO — p 

di ~ d^ ‘ p d^ ‘ p 

Or, if we use the R® formula — 

— I I __ r 100 — I roo — p 

nf^ ■ ^ “ («3® + •i)d^ ■ p ~ \n^ + d)d^ ' p 

Experiment — Determhte tht Molecular Refractivity of 
Potassium Chlonde, 

Make up a solution of potassium chloride in water (say 
10 per cent, by weight), and determine the refractive index 
first of pure water, and then of the solution, for the D line 
at a temperature of about 20°. The density of the solution 
relatively to that of water at 20° equal to r must also be 
determined at the same tempeiature. From the refractive in- 
dices obtained, calculate the specific and molecular refractivity 
of potassium chloride. Use the Gladstone and Dale formula. 

' Tie refractivity vanes with the solvent used. 
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B.— PoLARiMEfRic Measurements 

When ordinary light is passed through a Nicol’s prism 
(made from Iceland spar), the emergent ether vibrations 
take place in one plane, and the light is said to be plane- 
polarized. If this polarized light is now examined by means 
of another Nicol’s pnsm, it will be found that, on rotating the 
flatter, the field of view appears alternately light and dark, the 
minimum of brightness following the maximum as the prism 
is rotated through an angle of 90°. The pnsm by which the 
light is polanzed is called the polaiizer, and the second prism, 
by which the light is examined, is called the' analyzer. 

If, when the field of view appears dark (w'nich occurs when 
the axes of the two prisms are at right angles to each other), 
a tube containing a solution of cane sugar is placed between 
the two prisms, the field lights up j and one of the prisms must 
be*tumed through a certain angle, a, before the field becomes 
dark again. The solution of cane sugar has therefore the 
power of turning or rotating the plane of polarized Ught 
through a certain angle, and is hence said to be optically 
active. .7,When,^ older to obtain darkness, the analyzer has 
to be turned to the right, i.e. clockwise, the optically active 
substance is said to be dextro-rotary ; and Icsvo-roiary when 
the analyzer must be turned to the left. 

It will, of course, be possible to obtain a position in which 
the field of view becomes dark by rotation of the analyzer either 
to the right or the left, because in one complete rotation of the 
prism through 366°, there are two positions of the analyzer, 180° 
apart, at which the field is dark, and similarly, two positions at 
which there is a maximum of brightness. In determining the 
sign of the* activity of a substance, one takes the direction in 
which the rotation required to give extinction is less than 90°.* 

' This, however, is not an universal rule. See Landolt, “ Das optische 
Drehungsvermogen,” 2 nd edit., p. z8i. 
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The angle, of rotation depends on (i) the nature of the 
substance, (2) the length of the layer through which the light 
passe#, (3) the wave-length of the light employed (the shorter 
the wave-length, the greater the angle of rotation), (4) the 
temperature. order, therefore, to obtain a measure of the 
rotary power of a substance, these factors must be taken into 
account, and we then obtain what is known as the specific 
rotation. This is defined as the angle of rotation produced 
by a liquid which in the volume of i c.c. contains 1 gm. of 
active substance, when the length of the column through which 
the light passes is i dcm. The specific rotation is represented 
by [a], the obseived angle of rotation being yepresented 
simply by a. ■’ 

Wlien, theiefoie, we are dealing with an homogeneous 
active liquid, the specific rotation is represented by — 



where / is the length of the column of liquid in decimetres, and 
d is the density. If, further, we take into account the other 
factors on which the rotation depends, viz. temperature and 
wave-length of light, we obtain a number which, for the par- 
ticular conditions of experiment, is a constant, characteristic 
of the. substance. Thus, lepresents the specific rotation 
for the D line (sodium light) at the temperature of 25°. 

"W^en the active substance is examined in solution, the 
concentration must be taken into account, '.and we obtam — 

rT 100. a 100. a 

W = -TT w W = ,, 

where c is the number of grams of active substance in 100 c.c. 
of solution, p IS the number of grams of active substance in 
100 gm. of solution, and d is the density df the solution. In 
expressing the specific rotation of a substance in solution, the 
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concentiation and the solvent (which also has an influence on 
the rotation) must also be stated. 

Apparatus.—- Polarime/er—Ol the various foims of 
polarimeter which have been invented, only two need be con- 
sidered here, viz. the Lippich and the Laufpent half-shadow 
polarimeters ; and these diflfer essentially^only in the method 
of producing the half-shadow. 

In the case of the Laurent polarimeter, the arrangement 
of the optical parts is shown diagrammatically in Fig. 36. 
Monochromatic light from the source L passes through the lens 
A, which renders the rays of light parallel, and then through 
the polarizing prism B. It then passes through the observation 

Be SdI c t^--' ■n lTBi, AO'. tjt 

dc' 

Fig. 36. 

tube 0 , and thence through the analyzer D. The field of view 
is observed through the telescope EF. At C, the circulai open- 
ing of the tube carrying the polarizer is half covered by a thin 
quartz plate (as shown at C’), the thickness of which is chosen 
such that the light in passing through the plate is altered in 
phase by half a wave-length,^ but still remains plane-polarized. 
In this way, two beams of polarized light are obtained ; and if 
the polarizer is rotated so that the plane of polarization forms 
an angle (8) with the quartz plate, the planes of polarization 
will also be inclined at an angle, equal to 28. This is the half- 
shadow angle. On rotating the analyzer, a position will be 
found at which the one beam will be completely, the other only 
parti.MIy, extinguished. The one half of the field of view, 
therefor^, will appear dark, while the othei half will still remain 

* The apparatus can therefore be used only with light of one wave- 
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light. On rotating the analyzer Still further, through the angle 
28, a.^econd position will be found at which the second beam 
will "be extinguished, while the first is no longer so. In this 
position of the analyzer, the half of the field which was formerly 
bright will now* be dark, and that formerly dark will now be 
light. When, however, the analyzer occupies an intermediate 
position, the field of view will appear of uniform brightness ; 
and this is the position to which the analyzer must he set. 

By diminishing the angle 8 (by rotating the polarizer), the 
sensitiveness of the instrument can be increased, because now 
the angle a 8, through which the analyzer must be rotated in 
order to cause tb,e shadow to pass from one half to the other 
of the field of view, is diminished. By diminishing the angle 
of half-shadow, however, the uniform illumination of the field 
of view is also diminished, so that the increased sensitiveness 
due to diminution of the angle of half-shadow is partly counter- 
acted by the greater difficulty in deciding when the field is 
uniformly illuminated, unless the light intensity of the source 
can at the same time be increased. With a source of light of 
given intensity, therefore, the angle of the half-shadow must be‘*| 
so fixed that the determination of the position of uniform illu- 
mination can be made without unduly straining the eyesight. 

The Lippich polarimeter differs from the Laurent form only 
in the method of producing the half-shadow. Instead of the 
quartz plate, there is a small Nicol prism which covers half of 
the opening at the end of the polarizer tube. The effect pro- 
duced is the same as with the quartz plate, and the apparatus 
possesses the advantage that it can be used with light of any 
wave-length. 

The complete polarimeter is shown in Pig. 37. 

At the end S, which is directed towards the source of light, 
are the lens and the light-filter, consisting either of a solution 
of potassium bichromate or of a crystal of this salt. The 
polarizing prism is at P, and is connected with the lever h, by 
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means of which it can he rotated, and thus the angle of half 
shadow altered. The observation tube is placed in the ipiiddle 
part of the instrument, and is protected from extraneouriighl 
by a hinged cover. The analyzer is placed in the portion of 
the lube at A, and can be rotated, independently of the 



Fig. 37. 


graduated circle, by means of a screw. This allows of the 
correction of the zero point. F is the telescope with eye-piece. 
K is a graduated disc, which can he caused to rotate, along 
with the analyzer and telescope, past the fixed verniers n and 
■d by means of the rack and pinion T.^ By means of the two 

' Various arrangements are employed for rotating tire analyzer, and the 
better instruments are also fitted witli a fine adjustment. 
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movable magnifying lenses /, the accuracy of the reading is 
increased. 

Source of Illumination . — As has aheady been said, the 
angle of rotation depends on the wave-length of the light used. 
It is therefore necessary to employ monochromatic light. On 
account of the ease, with which the yellow light of the sodium 
flame (coiresponding with the D line of the solar spectrum) 
can be obtained, most polarimetric measurements are carried 
out with this light. For methods of produemg the sodium 
flame, see p. 99. 

In order to increase the homogeneity of the light, a light- 
filter, consisting either of a plate of solid potassium bichromate 
or of a solution oT this substance, is often inserted between the 
flame and the polaiizer. 

" Observation Tubes . — The observation tube in which the 
liquid to be examined is placed, generally consists of a tube of 



Fig. 38. 


thick glass with accurately ground ends. The tube is closed 
by means of circular plates of glass with parallel sides, which 
aie pressed against the ends of the tube by means of screw- 
caps (Fig. 38). These caps must not be screwed so tightly 
that they strain the glass plates. Since the unit of length in 
polarimetry is i dcm., these tubes are made equal to i dcm. 
or to some multiple, e.g. 2 or 4 dcm., or a fraction, e.g. o'5 dcm. 

For the maintenance of a constant temperature, tubes are 
also made surrounded by a metal jacket, through which water 
at constant temperature can be passed. We shall later find 
a simpler tube to be useful. This tube (Fig. 39) is closed 
by plates of glass, cemented on with sealing-wax or with 
Chatterton compound, and is filled through the side tube a 
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It is surrounded by a mantie through which water can be 
passed. 



Fig. 39. 


Adjustment of the Polarimeter . — Set up the polaiimeter so 
that the polarizer end is opposite to a bright sCdium flame, and 
at about 4 or 5 inches from it. Place a tube full of distilled 
water in the support between the polarizer and the analyzer, and^ 
focus the telescope eye-piece on the line bisecting the field of 
view, rotating the analyzer if necessary so as to get unequal 
illumination of the two halves. Now determine the zero point 
by rotating the analyzer until equal illumination of both halves 
of the field of view is obtained. This position should be 
approached several times from either side, readings being made 
at each of the two verniers (in instruments supplied with these), 
and the mean of the readings taken. The object of making 
readings at the two verniers, i.e. at points of the graduated circle 
about 180° apart, is to correct for the excentiicity of the latter. 

As the zero is altered by alteration of the angle of half- 
shadow, the position of the lever h, which rotates the polarizer, 
must be fixed before the zero point is determined. In some 
instruments it is possible to rotate the analyzer without rotating 
the graduated circle (or the vernier where the latter is movable), 
and it is therefore possible to adjust the zero so as to eliminate 
the conection for the zero point. Further, it is possible by 
this means to adjust the zero to different parts of the graduated 
scale, and thus eliminate errors in graduation. 
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Experiment.— the^ Specific Rotation of Cane 
Sugar. 

Make up a solution of pure cane sugar m distilled water of 
known concentration. This can be done either by weighing 
out the ^ar, pneviously dried in a steam Oven, dissolving in 
water, and making (;he solution up to a definite volume (say 
100 c.c.) in an accurate measuring flask (see p. 31); or by 
weighing both the sugar and the solution, and determining the 
density of the latter by means of a pyknometer. The strength 
of the solution used may be about ro per cent. 

Having adjusted the polarimeter as described above and 
determined the zero point, the sugar solution, contained in an 
observation tube "fitted with a water-jacket, is placed in the 
polaiimeter, and the angle of rotation observed, several readings 
b^ing taken as in the determination of the zero point. Mean- 
while the temperature of the solution is maintained constant, 
equal say to 20°, by circulating water from a thermostat (see 
p. 79) thiough the mantle. Having determined the value of 
the angle of rotation, the specific rotation is calculated by means 
of the formulse on p 113. The value of [a];?" for cane sugar is 
-I- 66's°. It alters but slightly with temperature. 

C. — Spectrometry 

When the light emitted by an incandescent gas or vapour 
is examined by means of a glass prism, a number of differently 
coloured bands or lines are seen, which constitute what is 
known as the spectrum of the substance. Moreover, these 
bands and lines have, for any given substance, perfectly 
definite positions, so that it is possible, from a determination 
of the position of the Imes, to tell what is the nature of the 
substance. The determination of the wave length of the 
different rays emitted by an incandescent gas is, however, of 
value, not only for the purpose of identifying the substance, but 
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also on account of the rela^-ionships which have been found 
to exist between the spectra of allied elements. ^ 

For ordinary purposes the determination of the wave length 
of the lines of a spectrum is generally carried out by a method 
of graphical interpolation, with the help of a fiumber,. of fixed 
points. These fixed points are very commonly determined 
in one of two ways, viz. (i) by determining the angular devia- 
tion of lines of known wave length j (2) by determining the 
position on a fixed scale of lines of known wave length. 

Spectrometer. — The apparatus employed for these 
measurements is called a spectrometer, ,a simple form of 



which is shown in Fig. 40. The essential parts of the spectro- 
meter are ; (i) a collimator. A, at one end of which is an 
adjustable slit, and at the other a lens by which the lays of 
light can be rendeied parallel — this collimator is clamped in 
a fixed position ; (2) a prism, P j (3) a telescope, B, which can 
be moved round over a graduated circle, C. 

Adjustment ol the Spectrometer. — The telescope is 
removed from its clamp, and the position of the eye-piece 
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altercld until the cross-wires ar^ in focus, the telescope being 
meanwhile directed to the open sky, or towards a white back- 
gfOund. It is then necessary to focus the telescope for parallel 
rays, i.e. for infinity. This is done by pointing the telescope 
at a distant, '’sharply defined object (say loo to 200 or more 
yards distant), and moving the whole tube containing eye-piece 
and cross-wires until the object appears sharply focussed. 
When this is done, the cross-wires and image should not show 
any relative displacement when the eye is moved in front 
of the eye-piece. The telescope is now in focus for parallel 
light. 

The telescope is replaced in its clamp, and is directed to 
look into the^ collimator, after having removed the prism. 
The slit of the collimating tube is now illuminated and the 
distance of the slit from the collimating lens altered until the 
slit, the image of which should be in the centre of the field of 
view of the telescope, appears quite sharp. Since the telescope 
was focussed for parallel hght, it follows that the light commg 
from the collimator is now parallel. 

Now place the prism in its place, with its refracting edge 
parallel with the slit. Illuminate the slit by means, say, of 
a sodium flame (p. 99), and turn the telescope until the image 
of the sUt IS seen. Rotate slowly the table on which the 
prism stands, or, if the table is fixed, rotate the prism, until 
it IS in the position of mimmum deviation. This is done by 
rotating the prism backwards and forwards, and following the 
image of the slit with the telescope. In this way it is found 
that, as the prism is rotated continuously in one direction, the 
image of the slit appears to move fiist in one direction, and 
then at a given pomt to stop and move in the opposite 
direction. The position of minimum deviation is that at 
which the image changes its direction of movement. This 
position can then be ascertained more exactly, and the prism 
fixed. 
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We have now to deteimine the angular deviation of 
different spectral hues of known wave-length, by illuminating 
the slit with different incandescent substances, biinging the 
cross-wire of the telescope into coincidence with the different 
lines of the spectra, and reading off on the gradualj^^d scale and 
vernier of the instrument the angle of deviation for the different 
lines. The angles so read off are plotted as absciss® against 
the wave-lengths of the particular lines as ordinates, and a 
smooth curve drawn through the pouits so plotted. In this 
way we obtain a “ map ” from which the wave-length of any 
other line can then be obtained, by determining the angulai 
deviation (the prism always being in the same position) of the 
particular line, and reading off from the cuilre the corre- 
sponding wave-length. 

Instead of determining the angular deviation of the different 
lines, one may make use of a fixed scale. This is contamed 



in a third tube, D (Fig. 41), and is seen in the telescope by 
reflection from the face of the prism, the scale being illuminated 
by a small gas flame or electric lamp placed opposite the end 
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of the tube. Too strong an illumination should be avoided, 
otherwise difficulty will be found in seeing the weaker spectrum 
linaJ. 

To adjust this scale, place a sodium flame in front of the 
slit of the coyimator, and turn the telescope until the D line 
is seen in the centre of the field of view; illuminate the scale, 
and focus it quite shaiply on the face of the prism; then 
adjust the position of the scale so that the sodium line 
coincides with some definite scale mark — say 100. The 
position of other spectral lines is then read off on the scale, 
and the scale numbers are plotted against wave-lengths. 

Experiment. — Construct a Spectrum Map, and determine 
the Wave-lengtJo of the Chef Lines of the Spectra of Hydrogen 
and of Helium, 

' The spectrometer is adjusted as described above, the slit 
being directed towards a clear, non-luminous Bunsen flame, 
protected fiom draughts. The prism should be shielded from 
extraneous light by means of a cloth or a cardboard box. The 
chlorides of potassium, lithium, sodium, thallium, and strontium 
are vaporized in the Bunsen flame, and the angular deviations, 
or the scale-divisions, corresponding with the different well- 
marked Imes of the spectra determined. The substances may 
be employed in the form of solids, and may be supported m 
the flame by means of clean platinum wire ; or strong solutions 
of the salts, acidified with hydrochloric acid, may be placed in 
a glass tube and fed into the flame by means of a wick of 
fibrous asbestos. Care should be taken that the rays of light 
always fall on the slit at the same angle, otherwise a slight 
displacement of the lines will result. All danger of such 
displacement can, however, be avoided by focussing the light 
on the sht by means of a lens. 

When solids are used, the flame coloration is often rather 
transient, but can be revived by moistening the solid with 
hydrochloric acid. 
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Foi the construction of thf map, the following lines may 
be plotted ; — 


Chloride of-— 

Colour of line. 

Wave length in AngstrOm 

r. 

Potassium 

Red 

'■ 7669 r 

Lithium 


670S 

Strontium 


6409 

Sodium . . . . 

Yellow 

SS93 

Thallium 


S3SI 

Strontium ..... 

Violet 

4608 


Having constructed the map, a Geissler vacuum tube (pre- 
ferably an end-on tube, p. too), containmg hydrogen or helium, 
is fixed before the sht, and connected with the secondary of 
an induction coil The chief lines in the case of the hydrogen 
spectrum are a red line (C line), a blue line (F line), and a 
violet hue ; while the chief lines in the hehum spectnim are 
two red lines, a yellow line, two green lines, a blue line, and a 
violet line. The wave-lengths of the most important lines are 
as follows ; — 


Hydrogen. j 

Hel 

mm 

Lme 

Wave-length. 

Line 

Wave-length. 

C (red) 

F (blue) 

6563 
■ 48(11 

. Red 

7056 

6678 

G' (violet) 

4341 

Yeiiow 

S876 




5016 




4922 



Blue 

4713 



Violet 

4472 


* One Angstibm-wut = i ten-millionth of a millimetre (= o I fi/i). 



CHAPTER VII 


MOLAR WEIGHT OF SUBSTANCES IN SOLUTION 

In Chapter III. we learned how the molar weight of a sub- 
stance in the gaseous state could be determined ; the molar 
weight being there defined as that weight of gas which at o® 
and under the> pressure of 760 mm. would occupy a volume 
of 22,400 c.c. On the basis of the laws of osmotic pressure, 
and the analogy between a substance in the state of vapour and 
in dilute solution, we could, in a similar manner, define the 
molar weight of a substance in solution as that weight which 
when contained in 22,400 c.c. of solution gives at 0° an 
osmotic pressure of 760 mm. Closely related to the osmotic 
pressure is the depression of the vapour pressure of the solvent, 
so that from this also molar weights can be determined. The 
direct measurement of the osmotic pressure is difficult, so 
that for ordinary practical purposes recourse is had to other 
methods, whereby the molar weight can be determined. These 
are the determination of the depression of the freezing-point, 
or the elevation of the boiling-point and the lowering of the 
vapour pressure of the solvent. 

I. Freezing-point (Crvoscopic) Method 
If w gm, of a substance when dissolved in W gm. of a 
solvent lower the freezing-point of the latter by cf , the molar 
weight of the solute is obtained by means of the expression 
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where <5 is a constant dependiirg only on the solvent employed. 
Its value for the commonest solvents employed is given it}, the 
following table : — 

Preeang-point. C i 

0“ 1860 

S'4° 50^ 

167° 3g(X) 

The method can be employed only when the solute does 
not form an isomorphous mixture (solid solution) with the solid 
solvent, ».* only when t^e solvent crys- 
tallizes out pure. 

Apparatus. — In order to find the 
value of in the above expression, it 
is necessary to determine the freezing- 
point of the pure solvent and of a 
solution of known concentration. This 
determination is carried out in the ap- 
paratus shown (Fig 42).® The coohng 
bath consists of a glass or stoneware 
vessel, A, on the top of which rests a 
lid of brass, L, Through a hole in the 
centre of the lid there passes a wide 
glass tube, B, which is fixed in place 
by means of a cork : and through 

* In the case of a hygroscopic solvent like 
acetic acid, special precautions must be taken 
to prevent access of moisture from the air. 

Fig. 42. ’ The method to be described here, and 

which is due essentially to Beckmann, is that 
which is most commonly used in chemical laboratories where only a 
moderate degree of accuracy is requited. For a description of the more 
exact methods and the precautions to he observed, see Ostwald- Luther, 
“ Physikalisch-cheraische Messungen.” 
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another opening in the lid there passes a stirrer, E, by means 
of which the temperature of the bath can be kept more 
uaiTorm. A third opening in the lid allows of the passage of a 
thermometer. 

The ffeeisng-point tube C, which is furnished with the side 
tube D, is suppot;ted in the neck of tube B by means of a cork 
or asbestos ring, so that the freezing-point tube is surrounded 
by an air-mantle. This ensures a slower and more uniform 
rate of cooling of the liquid. Through a cork in the neck of 
C theie pass a thermometer, T, and a steer, S, to the upper 
end of which a non-conducting handle of cork or wood is 
attached. To ensuie freedom of movement and guidance to 
the stirrer, the latter is made to pass through a short piece of 
glass tubing inserted in the cork of the freezing-point tube. 

In order to keep the temperature of the cooling bath more 
uniform, it is well to surround the latter and to cover the lid ■ 
with thick felt. 

Precautions. — Special mention may be made here of a 
few precautions which should be observed in all determmations 
of the molar weight by this method : — 

I. The teniae} ature of the cooling bath must not he too low. 

When we consider the factors affecting the temperature of 
the liquid in the freezing-point tube, we see that they are 
(chiefly) three in number, viz. abstraction of heat by the cool- 
ing bath ; addition of heat from the outside by conduction 
through the stirrer, thermometer, etc. j addition of heat (latent 
heat of fusion) to the liquid by the solidifying solvent. If, for 
the moment, we suppose no solidificahon to take place, it will 
be evident that the final temperature of the liquid will be the 
lesultant of the action of the fiist two factors. This tempera- 
ture, called the convergence temperature, will, of course, be all 
the lower, the Ipwer the temperature of the cooling bath ; and 
it will also, in general, lie below the true freezmg-point of the 
liquid. If, now, in this supercooled liquid, solid begins to 
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separate out, the latent heat of fusion will be added to the 
liquid, and the temperature wfll therefore rise. But the tem- 
perature which is now reached will not necessarily he the 'cPie 
freezing-point of the liquid, for it is the resultant of two oppos- 
ing factors, viz. the rate at which heat is witlvdrawn (which 
in turn depends on the diffeience between the temperature 
observed and the convergence temperature), and the rate at 
which heat is given to the liquid, which will depend on the 
latent heat of fusion and on the velocity of crystallization. 
Since we can take the velocity of crystallization as being pro- 
portional to the degree of supercoohng, we see that the final 
observed temperature will be lower than the true freezing-point 
by an amount directly proportional to the difitrence between 
the observed temperature and the convergence temperature, 
and by an amount inversely pioportional to this difference; 
that is— 

l.t + lit-o 

where T is the true freezing-point, t the observed freezing- 
point, i the convergence temperature, k a constant depending 
on the rate of abstiaction of heat, and K a constant depend- 
ing on the late of addition of (latent) heat. In order to 
k 

diminish the value of the coriection g if— /'), the temperature 
difference (i< — f) should be made small. This is the reason 
why the temperature of the cooling bath should not be too 
low. To obtain the accuracy at which we are at present 
aiming, the temperature of the cooling bath should not exceed 
3° below the freezing-point of the liquid. 

2. The amount of supercooling should not exceed o'f‘ — o’S®. 

From the equation given above, it will be seen that the 
k 

value of the correction g (^ — 0 can also be diminished by 
increasing the value of IC, i.e. by increasing the degiee of 
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supercooling and so obtaining the separation of a large amount 
of the solid solvent. If this is done, however, the concentra- 
tion a>T the solution is appreciably altered, and the depression 
of the freezing-point is therefore apparently too great.' For 
our present puiyose, the above limits of supercooling may be 
taken. 

3. TJie shrnng should not he too rapid, and should he as 
uniform as possible. 

The stirring should be just sufficiently rapid to maintain 
the contents of the tube at a uniform temperature. Too rapid 
stirring should be avoided, so as not to give rise to too much 
heat by friction. An up-and-down movement of the stirrer at 
the rate of about Once per second will be sufficient. 

4. Always tap the thermometer hfore taking a reading. 

• As the bore of the capillary of the thermometer is very 
small, the mercury is inclined to “ hang,” and the purpose of 
tapping the thermometer with the finger or a small padded 
hammer is to oveicome this. 

The Beckmann Thermometer. — In order that the 
determination of the molar weight shall be made with sufficient 
accuracy, it is necessary to be abl^ id read the temperatures 
with an error not exceeding o'ooi — o‘oo2“. The thermometer 
should therefore be graduated to, at least, hundredths of a 
degree. Such a thermometer, however, if made in the ordinary 
way, would have only a very short range unless its length 
were made inconveniently great. It would be necessary, there- 
fore, to have a number of tfij^e thermometers for use at different 
temperatures. To obvi^lif feisr necessity, a thermometer was 

’ The change in the coiacenMtion can be calculated as follows : If « is 
the specific heat of the liquid, L the latent heat of fusion, t the amount of 
supercooling in degrees Centigrade, tl\^ the fractiojij of the total amount 
of liquid which will solidify will be so that instead'^f there being W gm, 
to w gm. of solute, there will now be W “ £)• 


of solvent 
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designed by Beckmann, which, although it does not allow of 
the absolute temperature being read, enables one to determine 
differences of temperature at any desired absfllute 
temperature. 

The Beckmann thermometer (Figp 43) as usually 
employed in the laboratory has a range of only five 
or six degrees; and is generally graduated into 
degrees, tenths and hundiedths of a degree. The 
j|]||R peculiarity of the Beckmann thermometei- is that the 
amount of mercury in the bulb, and therefore the 
temperature at which the thermometer can be used, 
can be altered. The lower the temperatoe, the 
greater must be the quantity of mcKury in the bulb. 

This regulation of the amount of mercury in the 
bulb is rendered possible by having at the upper end 
of the capillary a small reservoir, R, into which the 
excess of mercury can be driven, or from which a 
larger supply of mercury can be introduced into the 
bulb. 

Setting the Beckmann Thermometer. — Be- 
fore using the Beckmann thermometer, it must be 
“ set,” i.e. the amount of mercury in the bulb must be 
so regulated that at the particular temperature of the 
experiment, the end of the mercury thread is on 
the scale. This is done as follows : — 

Hang the thermometer in a beaker of water the 
temperature of which is regulated according to the 
experiment,^ with the help of an ordinary thermometer 
graduated, preferably, in fifths or tenths of a degree,® 

' Since the scale of the Beckmann thermometer does not 
extend upwards to the end of the capillary, the temperature of 
Fig. 43. this hath must be at least 2° — 3” Mgher than the highest tem- 
perature to be met with in the experiment. 

* The accuracy of this thermometer should be tested previously by 
comparison with a standard 'fhermometer. 
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and see whether or not the top of the mercury of the Beck- 
mann thermometer stands on the scale. If it does not, then 
suppose m the first place that it does not rise so far as the 
scale ; tliat is, suppose there is too httle mercury in the bulb. 
In this case, place the thermometer in a bath the tempeiature 
of which IS sufficienjtly high to cause the mercury to pass up to 
the top and to form a small drop at the end of the capillary. 
Now invert the thermometer, and tap it gently so as to collect 
the mercury in the reservoir at the end of the capillary and to 
join with the mercury there. Return the thermometer carefully, 
without shaking, to the upright position, and place the bulb 
agam in the first bath, regulated at the proper temperature. 
The mercury in '‘the bulb will contract and draw in more 
mercury from the reservoir. After several minutes, when the 
thermometer will have taken up the temperature of the bath, 
strike the upper end of the thermometer against the palm of 
the hand so as to cause the excess of mercury to bieak off 
from the end of the capillary. Make sure, now, that the 
amount of mercury has been pioperly regulated, by placing 
the thermometer in a bath the temperature of which is equal 
to the highest that will occur in the experiment, and see that 
the mercury stands on the scale. If it stands above the scale, 
too much mercury has been introduced, and some of it must 
be got rid of by driving the mercury once more up into the 
reservoir and shaking off a little of it from the end of the 
capillaiy. Of course, if the mercury is found to stand too low 
on the scale, then more mercury must be introduced in the 
manner described above, these operations being repeated until 
the proper amount of mercury has been introduced. This 
■nmst always be tested by placing the thermoineter in a bath at 
the temperature of the experiment and making sure that the 
mercury remains on the scale. 

On account of the so-called “thermal after-effects” met 
with in the case of glass, owing to which glass, after being 
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heated, does not immediatjely acquire its original volume 
(see p. 40), it IS advisable to have at least two Beckmann 
thermometers, one for use at lower, the other for use at higher 
temperatures. 

Tabloid Press. — ^When the substance umfer investigation 
is a solid, it will be found very convenient to compress it into 
a short rod or tabloid, in which form it can be readily weighed 
and introduced into the freez- 



sentially of a cylinder, a, with a circular bore, which can be 
closed by a metal stopper b, a collar r, and the plunger d. 

After carefully cleaning these dlffeient paits, the end of the 
cylinder is closed by the stopper b, and the collar c is then 
placed in position over the other end of the mould. The 
substance to be compressed is placed, in small quantities at a 
time, inside the collar and gently pressed down the mould by 
means of the plunger. When a sufficient quantity of the 
substance has been introduced, the plunger is placed in the 
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mould and the whole inserted in tfie press, the substance being 
then compiessed by means of the screw S. Do not, however, 
compl'ess the substance too much, otherwise 
it will be very difficult to remove it from the 
mould If this^'should happen, the substance 
should be dissolved out by means of a 
suitable solvent. 

When the substance has been sufficiently 
compressed, remove the mould from the 
press, detach the stopper h, place the collar 
over this end of the cylinder, and, inserting 
the plunger again in the mould, place the 
whole oiice morl in the press and force 
the rod of substance out (Fig. 45). 

" After use, the mould and plunger must be well cleaned (if 
necessary, with the help of a solvent), dried and oiled before 
being put away. 

Experiment. — Determination of the Molar Weight of a 
Substance in Benzene. 

First set up the apparatus (p. 126) completely, to make 
sure, that the different parts fit properly; and see that the 
stirrer in the freezing-point tube works smoothly without striking 
agamst the bulb of the theimometer. Remove the thermometer 
and stirrer from the freezmg-point tube, and fit the latter, which 
must be clean and dry, with an unbored cork. Weigh this 
tube, and then pour in 15-20 gm. of pure benzene, and weigh 
again. For this purpose a balance weighing to a centigram 
should be used.’' Now set the Beckmann thermometer so that 
at the temperatuie of 5'5° (melting-point of benzene) the 
mercury stands not lower than the middle of the scale. Dry 

* More simply, pipette into the freezing-point tube a known volume, 
say 25 C.C., of benzene. The mass of this can be obtained by multiplying 
the volume by tlie density. In this way the weighing of a mthei awkward 
piece of appaiatus is avoided. 
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the thermometer thoroughljs, and insert it, along with the 
stirrer, in the freezing-pomt tube, so that the bulb of the 
thermometer is completely immersed in the benzene. Till 
the vessel A with water and ice, so that a temperature of 
about 2°-3° is obtained. This can be regulatedFby varying the 
amount of water and ice. The freezing-point of the^ benzene 
is then determined. 

In doing this, make a first approximate determination by 
placing the freezing-point tube directly in the cooling bath,i so 
that the temperature falls comparatively rapidly. When solid 
beguis to separate, quickly dry the tube and place it m the aii- 
mantle m the cooling bath ; stir slowly and read the temperature 
when it becomes constant. Now withdraw the tube from the 
mantle and melt the solid benzene by means of the hand. If 
in this operation the temperature of the liquid is raised more 
than about i° above the freezing-point, place the tube again 
directly in the cooling bath and allow the temperature to fall 
to withm about half a degree of thefreezmg-pomt as determined 
above ; quickly dry the tube and place it in the air-mantle and 
allow the temperature to fall, stining slowly all the while. 
When the temperature has fallen to from o'a" to ot" below the 
approximate freezing-point found above, stir more vigorously. 
This will generally cause the solidification to commence, and 
the temperatuie will now begin to rise.® Stir slowly again, 
and, with the help of a lens, read the temperature every few 
seconds, tapping the thermometer firmly with the finger each 

' For this purpose push the lid of the bath aside ; do not remove it 
from the bath. 

“ It is sometimes found that solidification does not commence in the 
supercooled liquid, even on stirring vigorously. In such cases too great 
supercooling should be avoided by the introdaction of a small crystal of the 
solid solvent through the side tube D, the stirrer being raised and touched 
by the crystal. In cases, therefore, where supercooling readily occurs, it is 
well to have a tube containing a small quantity of the solidified solvent 
standing in the cooling bath. 
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time before doing so. Note the 4 iigbest temperature reached. 
Again melt the sohd benzene which has separated out, and 
redetermine the freezing-point in the maimer just described. 
Not fewer than three concoidant readings of the freezing-point 
should be madfe, the mean of these being then taken as the 
fieezing-point of the benzene. The deviations of the separate 
readings fiom the mean value should not exceed o'ooz". 

The freezing-point of the solvent having been determined, 
a weighed amount of the substance (e^. camphor naphtha- 
lene), compressed into the form of a rod (p. 132), is now 
introduced mto the benzene through the side tube D, of the 
apparatus.^ The amount taken should be sufficient to give a 
depression of the freezing-point of not less than o‘i°. After 
the substance has dissolved, the freezing-point of the solution 
is deteimined in exactly the same manner as described for the 
pure solvent; first an approximate and then not fewer than 
five accmate determmations being made. In each case note 
the degree of supercooling. 

Two further additions of the substance should be made, 
and the freezing-pomt of the solution determined after each 
addition. From each set of determinations, calculate the molar 
weight of the solute. The error should not exceed 3-5 per cent. 

Abnormal Molar Weights.— In the case of a number 
of substances (very commonly in the case of organic acids and 
hydroxy-compounds in benzene), it is found that the molar 
weight determined by the cryoscopic method is greater than 
that calculated from the usual chemical formula of the sub- 
stance, by an amount exceeding the experimental error. We 
are therefore led to the assumption that these substances 
associate in solution, U. two or more molecules combine to 

» Where a tabloid press is not available, the substance may be shaken 
out from a narrow tube inserted through D. This method is, indeed, best 
m the case of cryoscopic measurements, on account of the time required 
for the solution of the compressed solid to take place. 
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form a larger molecule. As^an example of this, we may take 
the case of benzoic acid (CjHe.COOH) in benzene. 

Experiment. — In ilie manner ptst described, deiet mtne fhe 
apparent Molar Weight of Benzoic Add in Benzene, and from the 
numbers obtained calculate the Degree of Assodaiicfi, assuming that 
two single molecules combine to form one compound molecule. 

The degree of association can be calculated in the followmg 
manner : If x represents the degree of association, or the 
fraction of the total number of molecules which combine to « 
form larger molecules, and if n represent the complexity of the 
new molecules, then of each mole of substance taken the^e will 

be I— a: moles unassociated, and ^ moles associated. Conse- 
quently, instead of there bemg i mole there will be only 
-j-i or I— In other words, the number of 
dissolved molecules has decreased in the ratio of i : i - -v - 
But the depression of the freezing-point is proportioned to the 
number of moles (in a given volume) j hence, if 4 represent the 
depression calculated on the assumption of no association, and 
d^ the depression actually obtained — 



Or, if the molar weight is fiist calculated from the depressions 
produced — 

Mq-M, 

where M, represents the molar weight calculated from the 
observed depression, and M, the molar weight calculated from 
the chemical formula. 
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Not only can the molar weight determined from the depres* 
sion of the freezing-pomt have a value greater than that 
corresponding with the ordinary chemical formula of the sub- 
stance, but it can also have a value much smaller, thus pointing 
to a dissociaihn of the molecules in solution. This is found, 
for example, in the case of almost aU salts, acids and bases in 
aqueous solution, and the degree of dissociation (ionization) 
can be calculated m a similar manner to the degree of associa- 
tion given above. Thus, if x represent the degree of dis- 
sociation, and if n be the number of dissociated molecules 
(ions) formed fiom each molecule of the solute, then the relative 
inciease in the number of molecules (or molecules plus ions) 
in the solution will be as i : i -f (« — i) 

Hence, if and d^, represent the observed and the theoretical 
“■(on the assumption of no dissociation) depressions, we have — 
^0 _ I -K« - j)x ^ d„-d, 

d, I - i) 

Hence, it follows — 



(In the case of aqueous solutions, the depression produced by 
I mole of a noimal (non-associating and non-dissociating) 
substance m 1000 gro. of water is i‘86o°.) 

Experiment. — Determine the apparent Mohr Weight oj 
Potassium or Sodium Chloride in Aqueous Solution, and fiom the 
value obtained calculate the degree of Ionization of the Salt. 

The determination is made in tlie same manner as in the 
case of the benzene solutions (p. 133). It may, however, be 
found that crystallization commences with greater difficulty than 
In the case of benzene, so that, in older to prevent too great 
supercooling, it may be necessary to add a small crystal of ice 
to the supercooled solution. 

In the cooling bath, a mixture of a salt solution and ice 
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should be employed, the tempmture being regulated (to — 2° 
or - 3®) by varying the strength of the salt solution. To lower 
the temperature, increase the strength of the salt solution, to 
raise the temperature diminish it. Ice must always be present. 

Calculaiiens — ® 

1. From the determinations of the freezing-point,. of the 
benzene solutions, calculate (a) the value of the freezing-point 
constant ; {b) the latent heat of fusion of benzene ; the theo- 
retical molar weight being assumed for the solute. (The latent 
heat of fusion of benzene is 30T cals.) 

2. From the depression of the freezmg-point in the case of 
the aqueous solutions, calculate the osmotic jiressure of the 
latter, and the latent heat of fusion of ice. (The latent heat of 
fusion of ice is 79^9 cals.) 

3. Determine what error will be introduced into the value" 
of the degree of association or ionization by an error of + i 
per cent, in the determination of the molar weight. 


11. Boiling-point (Ebullioscopic) Method 

The molar weight of a substance in solution can also be 
determined from the elevation of the boiling-point which is 
produced, provided that the solute is not appreciably volatile 
at the temperature of the boiling solvent. 

If w gm, of a substance when dissolved in W gm. of a 
solvent raise the boihng-point of the latter by e°, the molar 
weight of the dissolved substance is given by the expression — 


in which is a constant, the value of which depends only on 
the solvent. Its value for a few of the more common solvents 
is given in the following table : — 
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Apparatus and Method. — The apparatus which is gene- 
rally employed for the purpose of molar weight determinations 
by the boiling-point method is that designed by Beckmann, 
one form of which, to- 


gether with the manner of 
using it, will be described 
here. 

' The apparatus (Fig. 46) 
consists of a boiling tube, 
with a long side tube sur- 
rounded by a water con- 
denser, C. A Beckmann 
thermometer, T, passes 
through the cork in the 
end of the tube, which is 
surrounded by a mantle, 
M, made of glass, porcelain, 
or metal, in which a quan- 
tity of the solvent is kept 
boiling. By this means the 
boiling solvent or solution 
in A is surrounded by a 
jacket of nearly constant 



temperature, so that the 
heating is made more uni- 
form and the tube is protected against loss of heat by radiation. 


The mantle and boiling tube rest on an asbestos heating box, 
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in the centie of which is a |jole filled m with wire gauze; 
and it is well to cover this gauze with a thin layer of teased 
asbestos fibre. Two chimneys, F, cany the hot atr up'^past 
the apparatus. To prevent the passage of currents of air 
between the boiling tube and the mantle, the former should 
be fixed into the latter by means of a nng o&asbestos paper. 

In the case of the porcelain mantles, there are two open- 
ings, O, pierced on opposite sides of the mantle, which enable 
one to see the liquid in the boiling tube. To protect the boil- 
ing tube from the surrounding air, these openings should be 
filled in with mica. 

Manipulation. — ^Before commencing the determination of 
the boiling-point of the solvent, the thermometer must be set 
(p. 130) so that the mercury stands not higher than the middle 
of the scale at the boiling temperature of the solvent. The boil^ 
ing tube is fitted with unbored corks and weighed, and then about 
13-20 gm. of the solvent introduced and the tube reweighed.* 
In order to secure uniform ebullition and to prevent super- 
heating, glass beads, garnets, or similar material, are intioduced 
into the tube, so as to form a layer about 3-4 cm. deep ; the 
thermometer is then placed in position, so that the bulb is a few 
millimetres above the beads and is entirely surrounded by liquid. 

About ro-15 c.c. of the solvent (residues from former 
experiments) are introduced mto the mantle along with a few 
beads or pieces of porous tile (to prevent bumpuig). The 
mantle, with the condenser, C', attached, is supported m 
position on the heating box, and the boiling tube inserted in 
the mantle, so that the end of it rests on the wire gauze of the 
heating box. The condensers of the mantle and the boiling 
tube are fitted up in series, so that the water passes from the 
one (boiling-tube condenser) to the other, and a flame is then 
placed under the heating box. This flame, which should be pro- 
tected from draughts by means of a chimney, and, if necessary. 
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also by screens, should not be , placed immediately under the 
boiling tube, but somewhat to the side; and the size of the 
flam^ and its position should be so chosen, that the liquid both 
in the boiling tube and the mantle is kept in a state of vigorous 
ebullition. Ih the case of the liquid in the mantle, this con- 
dition can be gauged from the amount of vapour which con- 
denses. As the temperature registered by the thermometer 
varies slightly with the vigorousness of the ebullition, the latter 
should be maintamed as uniform as possible throughout a series 
of determinations. 

The boiling-point of the pure solvent must first be deter- 
mined. It will be found that perhaps twenty minutes or half 
an hour will elapse before the temperature of the liquid becomes 
constant ; and the final reading of the thermometer should not 
"Tie made until the mercury has remained stationary for about ten 
minutes ^ As mentioned previously (p. rag), the thermometer 
must be tapped firmly with the finger before a reading is taken. 

While the temperature is becoming constant, tabloids of 
the substance to be investigated should be prepared and 
weighed. ' When the temperature has become constant, one of 
these weighed tabloids should be introduced through the side 
tube mto the solvent, and the temperature again noted, after it 
has risen and remained constant for five minutes. Two further 
quantities of the substance should be introduced, and the 
temperature read after each addition. From the boiling-points 
of the pure solvent and of each of the solutions, the molar 
weight is calculated for each concentration. In making the 
calculation, o'z gm. should be subtracted from the weight of 
solvent taken, when this is benzene, ether, acetone, etc., to 
allow for the vapour contained in the tube and condenser ; m 
the case of water, 0-35 gm. should be deducted. 

' Considerable fluctuations of the temperature may be caused if the 
apparatus is placed in a draught, or if the flame is placed immediately 
under the boiling tube. 
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On account of the influence of pressure on the boilmg-point, 
the baiometric pressure at the beginning and end of the experi- 
ment should be noted, and, if necessary, a correction applitd.^ 
In the case of the determination of the molar weight of 
liquids, the latter are introduced into the boiling tabe by means 
of a pipette with long tube (Fig. 47). ^ 



Experiment. — Determine the Molar Weight of Camphor or 
of Anthracene in Benzefie. 

Experiment. — Determine the Molat Weight of Ethyl Ben- 
zoate in Benzene. 

Calculation — 

Assuming the theoretical molar weight of the solute, calcu- 
late, from the measurements made, the heat of vaporization of 
the solvent and the value of tlie boiling-point constant. The 
following are the values of the latent heat of vaporization of 
the solvents previously mentioned. 

' See Ostwald-Lnther. “ Physiko-chemische Messungen," p. 307. 
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Ether 84-8 

Acetone . , . . .1 I25'3 „ 

Benzene 94‘6 •> 

Water 538 .. 

Ethyl alcohol 216 4 „ 

Method ’'of Electrical Heating.— Where electricity is 
readily available, nthe method of electrical heating possesses 
in ordmaiy laboratory practice, a number of advantages as 
compaied with the method just described.* For this method, 
the boiling-point tube may remain the same as used with gas 
heating. Through the cork pass, besides the thermometer, 
two long glass tubes, into the ends of which the ends of a 
spiral of platinum wire are sealed. This wire is connected 
with a battery of four or more lead accumulators by means of 
mercury and stout copper wires. The glass tubes should be 
■pushed so far through the cork that the platinum spiral almost 
touches the bottom of the boiling tube, and the spiral should 
be covered to a depth of 1-2 cm. with garnets or glass beads. 
The boiling tube is placed in a silvered Dewar vacuum tube, 
which takes the place of the porcelain vapour mantle. The 
current necessary (a few amperes) to boil the liquid will vary 
with the solvent employed, and should be regulated by means 
of a sliding resistance. In other respects, the manipulation is 
the same as with the method described above. 

Instead of the ends of the heating spiral being sealed into 
glass tubes passing through the cork, they may be fused into 
the walls of the boiling tube itself, and electrical connection 
thus made direct with the battery. 

Landsberger-Walker Method.— For ordinaiy chemical 
purposes, when it is only desired to decide what multiple of 
the empirical formula of a compound represents the molecule; 
where, therefore, an accuracy of 5-10 per cent, is sufficient, 
the Landsberger method, as modified by Walker and Lumsden, 
> For an investigation of this method, see Beckmann, Zeitschr.physikal 

Chem., 1908, 63. 177. 
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may also be employed. The^ advantage which this method 
possesses is, that several determinations of the molar weight 
can be carried out with one and the same sample of lIlqt^^al, 
so that only one weighing is necessary, Instead also of 
determining the amount of the solvent by weigllt, its amount 



Fig. 48. 


by volume is measured ; this makes no difference in the calcu- 
lation, except that a different constant is employed, which is 
equal to the Beckmann constant divided by the density of the 
solvent at its boiling-point. 

Apparatus. — ^The apparatus (Fig. 48) consists of a boil- 
ing flask F, and a graduated tube N-j ■surrounded by the wider' 
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tube E, which is connected at She bottom with a condensei. 
The graduated tube is fitted with a cork carrying a thermo- 
meter, T, graduated in tenths of a degree, and a tube, R, by 
means of whi(± vapour can be led into the tube N from the 
boiling flask. Excess of vapour passes out through the hole 
H, near, the top oJ N, forms a hot mantle for the graduated 
tube, and is then condensed, and can be used over again in 
the flask F. S is a safety-tube,^ 

Carrying out a Determination. — The apparatus is 
fitted together as shown in the figure, the boiling flask contain- 
ing a quantity of the pure solvent. About 10-12 c.c. of the 
solvent are also jilaced in the giaduated tube, and vapour is 
then passed through it from the flask F, until the drops fall 
regularly from the condenser at the rate of one a second, or 
one every two seconds. The temperature is then read on the 
thermometer with the help of a lens, the hundredths of a degree 
bemg estimated. 

The boilmg-point of the pure solvent having been thus 
determined, most of the liquid is poured out of the graduated 
tube, only 3-7 c.c. being left. In this a weighed quantity 
of the substance to be investigated is dissolved, and the 
appaiatus again fitted together. Vapour is then passed tlirough 
the solution until the liquid drops from the condenser at the 
same rate as before. The temperature is now read, and the 
boiling flask immediately disconnected from the graduated tube. 
If the solvent is inflammable, the flame must first be removed 
or extinguished. Remove the thermometer and the inlet tube,® 
place the graduated tube in a perpendicular position, and read 
the volume of the liquid, the tenths of a cubic centimetre being 
estimated. The upright position of the graduated tube is best 
ensuied by passing it through a hole in a wooden board which 

' A moie compact form has been given to this apparatus by Beckmann, 
Zeitschr. phystkal. Chem., 1905, 83 . 137. 

* Taking caie, however, not to lose any of the adhering solution. 
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rests on the ring of a retort stand. The hole in the board 
should be just large enough to allow the narrow part pi the 
tube to pass through, so that the bulb of the tube rests on 
the wood. ^ 

After having determined the volume of the solution, put the 
different parts of the apparatus together a^ain, and again pass 
vapour through the solution, until the hquid drops from the 
condenser at the same rate as before. Read the thermometer 
and measure the volume of the liqmd as above. Three readings 
of the temperature and the corresponding volume should, if 
possible, be made. 

To ensure the uniform ebullition of tl^e solvent in the 
flask F, a fresh piece of porous tile should be placed in the 
flask each time the apparatus is disconnected and before 
proceeding to pass the vapour into the solution. 

The molar weight is calculated by means of the formula — 
M = K.^^ 

where K is a constant for the solvent employed, w the weight 
in grams of the substance taken, e the elevation of the boiling- 
point, and V the volume of the solution. The values of some 
of the constants are as follows : — 


Solvent 

Boiling-point 

K 

Solvent 

Bolhng-pomt I 

K 

Acetone 


2220 

Chloroform 

61-2° 

2600 

Alcohol 

[ 78-3’ 

1560 

Ether . . 

34^9° 

3030 

Benzene 

8o-3“ 

3280 

Water . . 


540 


The best solvents to employ are alcohol and acetone. 
With benzene the volume of the solution increases so rapidly 
on account of the low heat of condensation of benzene vapour, 
that not more than two, sometimes not more than one residing 
can be obtained with the same weight of solute. Water is 
not a good solvent to use, on account of the fact that fora 
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given strength of solution, only a comparatively small elevation 
of the^boiling-point is obtained. rr,^ 

Experiment. — Determine the Molar 
Weight of Bensgtic Acid tn Acetone and in ; ; 

Ethyl Altohol. ; ; 

Apparatus ol'' McCoy. — ^To over- : .q 

come the defects inherent in the Walker- 
Lumsden apparatus, a number of modi- 
fications have been 

devised, one of the DJJHI. 

most convenient of 

which, for ordinafy y 5"^ \ \\ ]U n 

laboratory work, is /I 

th^t due to McCoy.' ffl % 

This apparatus (Fig. [ J 

49) consists of a tube B which serves n 

both as a boiling tube and as a vapour i 

jacket. Inside this there passes the jUffl 

narrower tube A, which is graduated ' 41 t 

from the volume 10 c.c. to the volume 

35 C.C. from the closed end of the tube. ^ J 

Sealed into the wall of A is the narrow 

tube ah, the lower (closed) end of which V^y 

is perforated with a number of small 

holes. The graduated tube. A, is fitted t 

with a cork carrying a Beckmann ther- 

mometer, and a side-tube, c, connects it 

with a condenser C. 

Carrying out a Determination.— ‘ 

About 50 C.C. of pure solvent are placed in B, together with a 


1 Obtainable from Elmer and Amend, New York. Other modifica- 
designed to enable the apparatus to be used for accurate determina- 
otI of molar weight have also been introdnced. References to the more 
important of these are given at the end of the chapter. 
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piece of porous tile, to ensifre steady ebullition; 12-15 of 
the solvent are also placed in the graduated tube A, ^d the 
apparatus then fitted together as shown in the figure. The 
solvent in B is then caused to boil, while t^ side- lube if is 
closed by a clip.! 

As the vapour rises in the tube B it' heats the solvent in 
the inner graduated tube, and then forces its way through the 
narrow tube ab into the liquid in the inner tube, and raises its 
temperature to the boiling-point. The rate of boiling in the 
outer tube should now be adjusted so that the solvent in the 
inner tube boils slowly but regularly, and a very slow distillation 
into the condenser takes place. r 

When the thermometer registers a constant temperature, 
the reading is taken as the boiling-point of the pure solvent^ 

The clip on the side-tube d is now opened, and the heating 
of the liquid in the outer tube interrupted, (The side-tube d 
IS opened before the heating is interrupted, otherwise liquid 
may be sucked over from the inner tube through ah owing to 
the cooling down of B.) 

A weighed amount of substance, the molar weight of 
which IS to be determined, is now introduced into the inner 
tube, and the above method of procedure repeated until a 
constant boiling-point is again obtained. After reading off 
the boiling temperature of the solution, tube d is again opened 
and the boiling in B stopped. The thermometer is carefully 
raised out of the solution, and the volume of the latter is read. 

After replacing the thermometer a fresh determination of 
the boiling-point can be made exactly as explamed above. 

* In the case af infiaminable liquids, more especially, electrical heating 
should, when possible, be used. For this purpose a current of electncity 
may be passed through a spiral of resistance wire, placed in the liquid in 
the tube B ; or, the boiling tube may be placed on an electrical hot plate. 
For the Utter method of heating the cheap asbestos-woven wiie resistance 
nets now obtainable serve admirably. 
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Owing to the condensation in the inner tube of a certain 
quantity of the solvent vapour,' the concentration of the 
solutiop, and consequently the boiling-point, will show a 
change in each successive determination, so that one thereby 
obtains a serie^^ of boiling-points corresponding to different 
concentrations, from which the molar weight of the solute can 
be calculated. Owing, however, to the fact that the liquid in 
the inner tube is raised to near its boiling-point by the 
vapour in the tube B, the amount of condensation, and conse- 
quently the change in concentration produced is comparatively 
small, but will depend on the ratio of the latent heat of vaporisa- 
tion to the specific heat of the solution. In some cases 
{e^. water) it may be necessary to add small quantities of 
the solvent to the solution in the inner tube in order to obtain 
a 4fries of different concentrations. 

The molar weight is calculated as before (p. 146). 

Experiment. — Determine the Molar Weight of Benzoic Acid 
tn Acetone and in Ethyl Alcohol ; of Naphthalene in Benzene ; and 
of Carbamide in Water, 

III. Lowering of the Vapour Pressure. 

By the direct measurement of the difference between the 
vapour pressure of a pure solvent and a solution, one can also 
determine the molar weight of a solute, on the basis of the 
well-known relationship that the loweiing of the vapour pres- 
sure of a solvent by the addition of a substance soluble in it, 
is proportional to the molar concentration of the solute. In 
the case of aqueous solutions, the method of bubbling air 
through the solvent and solution, whereby one determines the 
relative lowering of the vapour pressure, can be employed; 
but the method is not generally applicable to solvents other 
than water. The following method, however, due to Menzles, 
by which the lowering of the vapour pressure of the solvent 
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is directly measured, is capable of yielding results which are 
as accurate at least as thosd given hy the methods already 
described, and is also applicable to different volatile sol](;ents. 

Apparatus. — The apparatus^ (Fig. 50) consists of a 
boiling tube A to whicl^a reflux con- 
denser is attached. Inside A there is the 
“ test-tuhe ” B, fitted into the neck of the 
former by means of a ground-glass joint, 
and graduated in cubic centimetres. 
Sealed into the wall of B is a narrow 
gauge-tube graduated in millimetres of 
length. The lower, closed end of this 
gauge-tube is peiforateri by a number of 
holes. The neck of the “test-tube” can 
be closed by means of a glass rod, 
ground at one end so as to form a 
stopper. In carrying out a determina- 
tion, the solution is contained in the 
“ test-tube ” while pure solvent is boiled 
in A. The temperature of the solution 
is thus maintained constant at the boil- 
ing-point of the pure solvent; and the 
diflference in level of the liqmd m the 
“ test-tuhe ” and in the gauge-tube, 
measures the difference of vapour pres- 
sure of solvent and solution in terms of 
Fig, 50, millimetres of the liquid. 

Carrying out a Determination. — 
Pure solvent is placed in the tube A m amount sufficient to 
fill the bulb about two-thirds full, and the empty “ test-tube,” 
stoppered, then placed m position. The solvent is now caused 
to boil freely for about ten minutes with the clip, D, on the 
^ Obtainable from the Cential Scientific Co., 349, W. Michigan Street, 
Chicago, 111. 
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tube connecting with the condenser open,^ in order to free the 
solvent from dissolved air. The boiUng is then stopped, the 
“ test-tube” removed and charged two-lhirds full witli the boiled- 
out solvent from the tube A, and again replaced, but left un- 
stoppered. "i^he liquid in the jacket tube is again boiled for a 
minute or two to expel air, and the clip D then closed. The 
vapour now bubbles through the liquid in the test-tube, whereby 
any dissolved air is expelled. After a few minutes, the stopper 
is warmed up by placing it obliquely in the mouth of the “ test- 
tube,” and is then pushed home ; the small amount of liquid 
which will have condensed round the stopper will serve to 
render the joint gas-tight. At the moment of inserting the 
stopper, the clip,D is opened. Boiling is continued for some 
minutes, while the apparatus is occasionally shaken slightly, 
m order to allow the temperature of the vapour chamber to 
attain the true boiling-point of the solvent. The level of the 
liquid in the gauge-tube and “ test-tube ’’ is now read with the 
help of a hand lens, and this is taken as the zero reading. If 
the solvent is sufficiently pure, the difference of level of liquid 
in the two tubes should not be greatly different from what 
existed before the stopper was inserted. A marked difference 
indicates that the passage of vapour through the liquid must 
be continued. 

The stopper is now removed and a weighed amount of 
substance introduced into the solvent in the “ test-tube,” and 
vapour is again caused to pass through the liquid as before, 
unul the solution has become homogenous and free from air. 
The stopper is again inserted and the apparatus shaken jerkily 
at short intervals in order to wash the upper portion of the 
walls of the vapour chamber. When the difference in the 
level of the liquid has become constant (in about ten minutes), 
* In place of the rubber tube and dip between the boiling flask and 
the condenser, one may also, when necessary, employ a glass tap with 
wide bore. 
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a reading is made and corrected for the zero reading. The 
liquid round the stopper is itow removed by means of filter- 
paper, the stopper removed, and the volume of the solutipn is 
read off. 

Further determinations may be made by |dding further 
quantities of the solute, and proceeding as already described. 

The molecular weight of the solute can Tie calculated from 
the expression 


M = K 


looo . w . B 
/.W.760 


where K is a constant for the particular solvent,' w is the 
weight of solute added, B is the baiometiic height, / the 
lowering of pressure in millimetres of solvent (^r solution), and 
•V is the volume of the solution in cubic centimetres. 

The value of K for the more common solvents is a^ 
follows , — 


Solvent. 

K 

Solvent. 

K 

Acetone .... 

1061 

Chloroform . . 

620'4 

Alcohol .... 

871-5 

Ether .... 

1577 

Benzene .... 

r2i4 

Ethyl acetate 

1320 

Carbon disulphide . 

S 26'6 

Water. . . . 

20 Z '5 


Rifeitncts. — Beckmann, Zaischr, j>hysikal. Chem., 1908, 63, 177; 
Walker and Lumsden, Ttans. Chm. 6 m, 1898, 78, 502 ; McCoy, 

Chem, J; igoo, 33, 353 j Menzies, J. Atnet. Chem. Sac., igio, 83, 1615. 


' The value of this constant, which denotes the lowering of the vapour 
pressure in miUimetres of the boiling solvent that would be caused by the 
presence of one mole of non-volatile solute in one hire of solution, will 
vary with the barometric height. The values given here are for the 
standard pressure of 76 cm. The error produced by a change of barometric 
pressure of 10 mm, is only about i part in looo. 



CHAPTER VIII 

DISTRIBUTION OF A SUBSTANCE BETWEEN TWO 
NON-MISCIBLE SOLVENTS 

An opeiation which is frequently practised, especially in organic 
chemistry, is that of extracting a substance from its aqueous 
solution by means of ether. The underlying principle of this 
-method is that when a substance is shaken with two non- 
iniscible solvents, it is distiibuted between them in a definite 
manner, which depends on the solubility of the substance in 
each of the solvents separately. 

The ratio in which the solute is distributed betw'een the 
two solvents depends, however, not only on its solubility in 
each, but also on whether or not it possesses the same molar 
weight in the two solvents ; and for this reason, the study of 
the relationships which obtain here are of importance in 
chemistry, as affording a means of determining the state of 
association or dissociation of a substance in solution. 

I. The solute has the same molar weight in each of the solvents. 

When the solute has the same molar weight in each of the 
solvents, it is distributed between them in a ratio which depends 
on the temperature, but is independent of the absolute concen- 
tration. Hence, if denote the concentration (in moles per 
litre) of the solute in the first solvent, and the concentration 
in the second solvent, then when equilibrium has been estab- 
lished between the two solutions, the ratio ^ has a constant 
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value, provided the temperature is constartt. The value of 
this ratio is called the coefficiefd of distnhutwn or the coefficient 
of partition. 

Experiment. — Determine the Coefficient of Distribution of 
Snccintc Acid between Ether and Water. 

No special apparatus is required for this experiment; a 
hottle, piefeiably tall and narrow, fumishedfwith a well-fitting 
glass or rubber stopper, may be used. In the bottle place 
100-150 c.c. of an aqueous solution* (approximately r per 
cent.) of succinic acid, and add an equal volume of ether, and 
then irfimerse the bottle up to the neck in a thermostat, the 
temperature of which is maintained constant, say at 25°. The 
bottle should be kept in the thermostat for abput half 'an hour, 
and should be shaken vigorously every four or five minutes. 
After a final shaking, a rotatory motion is imparted to the solu^ 
tions, in order to loosen any drops of liquid which may adhere 
to the sides of the bottle, and the bottle again placed upright 
in the thermostat until complete separation into two layers has 
taken place. The concentration of the acid in the ethereal 
layer is then determined by removing the solution by means of 

a pipette, land titrating with “ or — baryta solution (p, 162), 
using phenolphth^ein as mdicator. The end of a bent 
capillary tube is then placed in the aqueous solution, and the 
latter siphoned ofif into a clean flask, and also titrated with 
baryta solution. The first cubic centimetre or so of the 
aqueous solution should be rejected. 

Having determined the concentrations of succinic acid in 
the aqueous and ethereal solutions, repeat the determination as 
above for different total concentrations, using approximately 
o'5 and csg per cent, aqueous solutions to start with. 

‘ In this, as in all the other experiments in this chapter, distilled water 
free from carbonic acid should be employed. For method of preparation, 
see p i6l. 
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Tabulate the values of and - obtained in each case. 

^I. T/ie molar weight of the solute m the two solvents is 
different. 

If, in thfp one solvent, the solute has the normal molar 
weight, but m the second solvent is partially associated 
according to the Equation — 

«(A) ^ (A)„, 

then, at a given temperature, the ratio - will no longer be 
constai>t. 

According lo the law of partition, however, there exists a 
constant ratio of partition for each class of molecule ; hence a 
' constant ratio should be found between the concentration of 
the single molecules in the first solvent and the single m^ecules 
in the second solvent. But, according to the law bf mass 
action, the concentration of the single molecules in the second 
solvent is proportional to the «“* root of the total concentra- 
tion (provided that the degree of association is large)] and 
therefore, if Cj is the concentiation of the solute the first 



should be a constant 

Experiment. — Determine the Partition Coefficient of Benzoic 
Acid between Water and Benzene, or between Water and Chloro- 
form, at 25°. 

The determination is carried out as described for the pre- 
ceding experiment. Three solutions of benzoic acid in benzene, 
of strengths approximately 10, 6, and 4 per cent., should be 
prepared ; for each determination 50 c.c. of the benzene solu- 
tion and an equal volume of water (free from carbonic acid) 
should be shaken together, and 10 c.c. removed for titration. 

Since, at the concentrations given above, the benzoic acid 
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exists for the most part as associated molecules (CaH|i.COOH)a 

in the benzene solution, the ratio should be found constant. 

Vfa r 

Tabulate the values of zi, c^, and 

<2 V Za f" 


Betemiination of the Molar Weight of Dissolved Substances 


From what has been said, it will be evident that from a 
study of the ratio of distiibution of a substance between two 
non-miscible solvents, the relative molar weight of the substance 
in the two solvents can be determined. Further, from the 
change, if any, in the value of the parbtion coefficient with 
concentration, valuable information, quantitative as well as 
qualitative, can be obtained with regard to the change in 
molar weight, owing to association or dissociation, in the two 
solvents. To illustrate this, the following experiments should 
be performed : — 


with Concentration tn the Distribution of Benzoic Acid between 
Water and Benzene^ and calculate therefrom the Dissociation 
Constant of (CoHs.COOH)3. 

It has just been found that in fairly concentrated solutions 


of benzoic acid, the ratio ■— in watei and benzene is constant 

VCg 

at constant temperature. As we pass to moie and more 
dilute solutions, however, two factors affect the constancy of 
this ratio to an increasing extent. These are, the increasing 
ionization of the benzoic acid in the aqueous solution, and the 
dissociation of the double into single molecules in the benzene 
solution. The value of the latter factor can be determined 
from the change in the value of the partition coefficient m dilute 
solutions. 
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Let fi =i the concentration -in the aqueous phase, 

Ci = „ „ benzene phase, 

a = the degree of ionization of the acid in water, 

and, therefore, — a) = the concentration of the normal 
unionized molecules in the aqueous phase. 

If'tf is the affinity constant of the acid (see Chap. IX.), we 
have — 

d= r-^ 

(i - a)v 

where v is the volume in litres containing i mole of acid. 
Hence — t 


(For benzoic acid d = 6 x to ‘.j 

Further, according to the law of partition, the latio of con- 
centrations of the single molecules in the two solutions is 
constant. Therefore, if m = concentration of the sin^ie mole- 
cules in benzefle— 

01 m = ~ 

in ' ' k 


If, now, we apply the law of mass action to the dissociation 
of the double into single molecules, we have (since — in is 
the concentiation of the double molecules) — 


Zj — in 


Hence, from the equation »; 




K(x-a)P 
^ AL Za - <a(r - 

Since K is constant independently of the concentration, v 
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have for any other concentrations and m the aqueous and 
benzene solutions — ^ 

{4(1 -g')}” K(r-a)}° 

- 4 (i - <i)k /;% - <^1(1 ~ C)k 

With the help of these two equations, the^value of k can be 
calculated. From the value of k we can obtain the value of m, 
and hence also the value of K, the dissociation constant of the 
complex molecules. 

The measurements are to be carried out in the manner 
explained above, the concentrations of the benzoic acid in the 
aqueous and benzene solutions beingdeterminedby titration with 

baryta to using phenolphtbalein as indicator. Water 

free from carbonic acid must be used in all cases, ' 

The first determination should be made by shaking 200 c.c, 
of a benzene solution containing about 5 gm. of benzoic 
acid with 200 c,c, of water, and withdrawing 50 c.c. for a 
titration. After each titration replace the solutions removed by 
equal volumes of water and benzene. 

A series of three or four determinations should be made, 
and the value of K calculated for the different concentrations. 
The deviations from the mean should not exceed 3-5 per cent. 

Instead of studying the distribution of benzoic acid between 
water and benzene, one may, as alternatives, study the distri- 
bution of benzoic acid between water and chloroform, of salicylic 
acid between water and benzene, or of salicylic acid between 
water and chloroform. *• 

Determination of the Dep'ee of Hydrolysis of Salts 

Since in the aqueous solution of a salt of a weak base and a 
strong acid, or pf a weak acid and a strong base, there is an 
equilibrium between the salt, the free base and the free acid, this 
equilibrium can be determined by studying the partition of the 
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weak base or weak acid between water and another solvent, 
such as benzene or chloroform. 

1 hus, if an aqueous solution, say of aniline hydrochloride, 
which is partially hydrolyzed into aniline and hydrochloric acid, 
IS shaken with benzene, the free aniline will distribute itself 
between the water \ind the benzene in the ratio of the partition 
coefficient. Hence, from the concentration of the aniline in 
the benzene solution, the concentration of the free aniline, and 
from this the degree of hydrolysis in the aqueous solution, can 
be calculated in the following manner : — 

The hydrolysis of a salt is represented by the equation — 
salt + watery base + acid 

and for all mixtures of acids and base, or of salt and water, the 
"equilibrium is given by Guldberg and Waage’s law of mass 
action as — 

. 

where Wj, Wj, iWj, W4 are the concentrations of base, acid, salt, 
and water respectively. Since the concentration of the water 
remains practically constant, is constant, and tlierefore k . 
is also constant, and equal say to K. 

Let zi s= mitial amount of hydrochloric acid. 

Zg = „ , „ aniline (or weak base). 

c = concentration in gm.-equivalents per litre of the 
weak base in the aqueous layer. 

F = coefficient of distribution of the base between 
water and thd other solvent, say benzene. 
q = volume of benzene employed per 1000 c.c. ot 
water. 

Then, when equilibrium is established, c — ot,. But if there 
are c gm, in 1000 c.c. of the aqueous solution, there must be 
zyF gm. in the benzene solution. Hence, the total quantity of 
free base is z(i + yF). The initial amount of base was Zj, hence 
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there must be Cj — <r(i + S'?) gm. of the base in the form of the 
salt (existing in the aqueous layer only). , The concentration of 
the salt IS therefore — c(i + ?F). There must, of course, 

be an equivalent amount of acid in combinati^^, and as the 
initial amount was Cj, the amount of combined acid must be 
— ^2 + r(i + ?E) gto. As the salt exists hnly in the aqueous 
layer {looo c.c. in volume), the concentration of the acid is 
= f, — 4 + <:(i + j'F). Substituting these values for ot,, 
and «8 in tbe above equation, we obtain — 

c{c^ - + c{z + s'F)] = K . {fa - r(i + ?F)} 

or K = ^^LrLiL±i(L±£l)l 

If the acid and base are taken in equivalent proportions^ 
i.e. if one dissolves the salt in water, then «i = Wj, and 
= fj — vti. Hence — 

<=K.(f3 -./!,) 

Having obtained the value of K, and knowing the value of 
fj, can be calculated. But the degree of hydrolysis is the 
ratio of free base actually present to what would be present if 
no salt formation took place, Le. if the whole of the base taken 
remained free. The degree of hydiolysis is therefore given 

by or the percentage hydrolysis by — ° 

^2 ^2 
Experiment. — Determine t/ie Fercentage Hydrolysis of 
Aniline Hydrochloride al 25°, 

The partition coefficient, F, of the free base between water 
and benzene must first be determined. For this purpose, shake 
up a known quantity of anilme with a mixture of 1000 c.c. of 
water and 60 c.c. of benzene in a bottle’ placed in a thermostat 
at 35°. After equilibrium has been established, allow the 
layers to separate and withdraw 50 etc. of the benzene layer. 
Into this solution pass dry hydrogen chloride, in order to 
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precipitate the aniline as hydrochloride, and evaporate off 
the benzene by gently heating on the water bath, at the same 
time drawing a current of air over the surface of the liquid. 

A known weight of salt (equivalent amounts of acid and 
base) is ther? shaken with the same quantities of water and 
benzene (looo c.c. and 6o c.c. respectively), and the amount 
of anilifle in the benzene layer detemiined as above. Instead 
of using the salt, one may preferably proceed as follows: 
Shake up looo c.c. of a solution of hydrogen chloride of 

known concentration (say — ) with 6o c.c. of benzene, m which 
an amount of aniline equivalent to the hydrochloric acid taken, 
is contained. » 

In order to allow for the solubility of benzene in water, 
und loss by evaporation during the experiment, i c.c. should 
be subtracted from the volume of benzene taken, i.e. the 
total volume of benzene should be taken as 59 c.c. 

The following results may serve as a comparison : — 


Base 

F 

Initial cone, of 
acid and base. 

Weight of 
hydrochloride 
from 50 C.C. of 
benzene solution 


1 Percentage 
i bydroli»s5. 

1 

Aniline . . 

10- 1 

0‘ 09969 

o-o8o6 

0 00123 

I'Sfi 



0-03138 

0-0406 

0'00062I 

2-Sl 


Preparation of Water free from Carbonic Acid. — 
Water can be freed from carbonic acid by dmwing a current 
of air, free from carbon dioxide, through the water. The air 
is purified by passing through a tube containing, first, a layer 
of calcium chloride, then a layer of soda-lime, and lastly (at 
end next the water), a layer of cotton-wool. This operation 
should, of course, be carried out in an atmosphere free from 
fumes (not in the ordinary laboratory), and the air should 
preferably be drawn fiom out-of-doors. 
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The water is preserved in a flask (preferably of Jena glass), 
or in a bottle fitted with a siphon tube passing through a 
closely fitting rubber stopper, or coik protected by parrfifin ; 
and the air which enters into the flask, on withdrawing water, 
should be made to pass thiough a tube of soda-lilne. 

Preparation of Standard Baryta Solutions.— Fust 
piepare a clear, saturated solution of barium hydroxide' m the 
following manner. Boil, in a flask, about 250 to 300 c.c. of 
distilled water with excess of barium hydroxide (about 30 to 
40 gm.), so as to obtain a saturated solution, and then fit into 
the neck of the flask C (Fig. 51), a cork carrying a soda-lime 
tube, an(^ui|ger glass tube E. At this stage, the tube should 
be draw;flB|lagh the cork, so that the lowCr end does not 
dip into the solution, and the upper end should be closed by 
a cap. When the solution becomes cold, the excess of barytar 
will crystallize out, and will drag down with it the suspension 
of barium carbonate, leaving a clear solution, which will have 
a strength of about o’4 normal. 

Procure a Winchester quart or other bottle. A, capable of 
holding, say, 2 litres of solution, and fit it with a paraffined 
cork or india-rubber stopper, bored with two holes. Through 
one of these pass the end of a soda-hme tube, and through the 
other a bent glass tube, one end of which reaches nearly to the 
bottom of the bottle, while the other end is connected by means 
of india-rubber tubing, carrying a spring clip, to the side tube 
of the burette B. The upper end of the burette is closed by 
an air-tight cork through which passes a soda-lime tube, D, 
fitted with rubber tubing carrying a glass mouthpiece. The 
burette may be clamped free fiom the bottle in an ordinary 
burette or retort clamp, or may be, very conveniently, fixed 
to the bottle by means of an Ostwald burette clamp (Fig. 52). 
The wider ring is clamped round, the neck of the bottle, while 
the smaller ring holds the burette. 

Having closed the lower end of the burette, attach the 
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through the burette and bottte for about lo minutes. Now 
close the tube D and draw into the bottle, through the lower 
end of the burette, about I5 litres of distilled water, free from 
carbon dioxide (p. 161, or the water may bp freed fiom 
carbon dioxide in this bottle). Connect the end of the tube E 
with the lower end of the burette ; attach 'che soda-lime tube 
on C to a filter-pump, and diaw a cuirent of COa-free air 
through D, the tube connecting the burette with the bottle A 
being meanwhile closed. After the tube E has been freed 
from carbon dioxide, the current of air is stopped, and the 
tube E is carefully pushed through the cork until the lower 
end is just a little above the solid baryta at tbe bottom of the 
flask C. Tube D is now closed, the connection between the 
burette and the bottle A is opened, and the clear solution of 
baryta is drawn into A. The flask with the baryta is then 
disconnected from the burette, and the soluhon in the bottle 
thoroughly mixed by drawing a cuirent of COa-free air through 
the solution. The solution thus prepared is approximately 
^ normal. It is best standardized by means of pure succinic 
acid, phenolphthaP in being used as indicator. 

If the burette does not have a side tube, the bottle should 
be connected with the lower end of the burette, and the tube E 
with the upper end. The necessary modification m the 
manipulabon will be quite clear. 



CHAPTER IX 


CONDUCTIVITY OF FLBCTROLYTES 

When a cuirent of electricity flows through a uniform con- 
ductor ah, the strength or intensity of the current depends on 
the difference off potential between the two points a and b, and 
the resistance of the conductor ; and according to Ohm’s law, it 
'is equal to the difference of potential divided by the resistance, 

i.e. t '=■ p. When the current is measured in ampei-es, the 

difference of potential in volts, and the resistance in ohms, we 
obtain the definition that one ampere is the strength of current 
produced in a conductor which has a resistance of i ohm, and 
between the ends of which there is a difference of potential of 
r volt. 

We may further define these factors. The resistance of 
r ohm is the resistance offered by r4'452i gm. of mercury 
at 0° when in the form of a uniform cylinder rofi'g cm. long, 
having a section, therefore, of practically i sq. mm. The 
strength of current of i amp. is obtained when i coulomb of 
electricity, t.e. an amount of electricity capable of depositing 
o’ooriiS gm. of silver, passes a point in the conductor each 
second. Finally, when a current of i coul. per second is 
passmg through a column of mercury 106*3 cm. long and 
1 sq. mm. cross section, the difference of potential at the two 
ends of the mercury column will be i volt. 

The unit of electrical energy is 1 volt X i coul. = 10’ ergs j 
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but (he strength of the current, and therefore also the amount 
of electricity flowing in unit ‘2ime, depend on the resistance, 
or on the conductance, which is the reciprocal of the resispuice. 
It will therefore be seen that the amount of eneigy conveyed 
through a conductor wiU depend on the difference of potential 
between its ends and on its resistance or conductance. We 
shall therefore consider the measurement of these two factors ; 
taking first, the measurement of conductance or resistance. 

The resistance offered by a regular cube of the conductor 
having sides i cm. long, is called the specific resistance or 
resisitvity of the material, and the reciprocal of this is called 
the sjtecijk conductance or the conductivity. We shall represent 
the latter by k. Although a knowledge of the conductivity, 
whether of a metal or of a liquid conductor, is of importance 
in physics and electro-technics, it is not, in itself, of so much' 
importance in chemistry or physical chemistry, with which 
we are here chiefly concerned ; for in the case of conducting 
solutions, with which alone we are going to deal, the con- 
ductance does not depend on the whole of the material between 
the electrodes, but only on the solute. When, tlierefore, we 
wish to compare different substances with respect to the 
conductivity which they exhibit in solution, we should compare 
chemically compaiable quantities, /.* equivalent or equi- 
niolecular quantities. In this way we obtain the equivalent 
conductivity and the molecular conductivity. By equivalent 
conductivity is meant the conductance of a solution which 
contains i gm.-equivalent of the solute, when placed between 
two electrodes of indefinite size and i cm. apart. It is repre- 
sented by A, and is numerically equal to the specific con- 
ductance or conductivity (k) multiplied by the volume in cubic 
centimetres (^) containing i gm.-equivalent of solute. That 
IS, A '=; K . ^. 

By molecular conductivity is meant the conductance of a 
solution containing i mole of the solute when placed between 
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two electrodes of indefinite size and r cm. apart. It is repre- 
sented by 71 = K . where <j> is the volume in cubic centimetres 
contsMning i mole of the solute. 

Outline of Method and Apparatus. — For the purpose 
of measunnglhe resistance of a solution, one usually employs 
the Wheatstone fridge 
method, the arrangement 
of which is shown dia- 
grammatically in Fig. 53. 

Since, during the electro- 
lysis of an aqueous solu- 
tion between platinum 
electrodes, gashs are Fig. 53 

evolved, and a back eleo- 

'^romotive force (polarization e.ni.f.) therefore produced, one 
cannot readily measure the resistance of a liquid conductor 
by means of a direct current, but must employ an alternating 
current such as is given by an induction coil. The wires 
from the secondary circuit of the induction coil, which should 
be placed at a distance of two or three feet, so that it 
does not directly affect the telephone, ard ' connected with the 
ends of the wire al>, which is made of platinum, platinum- 
indium, or nickelin, and is stretched above a scale divided into 
millimetres. R is a resistance box, and V is a conductivity 
vessel containing the solution to be investigated. In order to 
determine the position of balance, a telephone is inserted 
between the sliding contact c and the junction of the resistance 
box with the conductivity vessel. (In actual practice it is 
found better to interchange the telephone and induction coil, 
so that the former is connected with the ends of ai> and the 
secondary of the latter connected with the sliding contact and 
the resistance box. This is shown in Fig. 53.) A resistance 
is inserted in R of the same order as that in the conductivity 
vessel, and the sliding contact c is moved along the wire ab 
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until there is silence in the te^pphone. When this is the case, 
then the resistance of V is given by the expression— 

cb ^ 

= ac\cb\ orV = R.- 

ac ( 

We have just said that a position on Jhe bridge wire ab 
must be sought at which there is silence in the telephone, but, 
as a matter of fact, a position of complete silence will rarely if 
ever be found. One has therefore to'‘‘determine the position 
of mhiimum sowtd, and this is best done by finding two points, 
one on either side of the mmimum, at which the sound becomes 
equally intense. The distance of these two points apart, and 
therefore the sharpness with which the point df balance can be 
determined, depend on various factors such as the resistance of 
the solution, the size of the electrodes, their distance apart, antf 
the nature of their surface. With solutions of medium con- 
ductivity, however, it should be easily possible to find two 
points of equal loudness not more than 5 mm. apart, and by 
repeatmg the readings several times, it should be possible to 
determine the mean position of sound minimum with an 
accuracy of o’3-o-4 mm. When the mmimum cannot be 
determmed with this degree of sharpness, it is generally (except 
in the case of solutions of very low or very high resistance) an 
indication that the electrodes require replatimzing (see below). 

The induction coil should be a small one, so that the amount 
of electricity which passes at each pulse, and therefore the 
polarization produced, is small. The “ hammer,” also, should 
be a light one, so that it can be made to vibrate rapidly, and 
tlius produce a high-pitched and more readily audible sound. 
The coil is most conveniently actuated by a single lead accumu- 
lator, or by a dry cell, and the strength of current should be 
so regulated that the sound of the coil is just distinctly audible. 
For this purpose a sliding resistance may be inserted in the 
circuit between the cell and the coil ; but it is better, especially 
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when the experiments are to continue for some time, to insert 
a fixed resistance of thin, insulated mangamn wire, the length 
of which can very soon be determined by trial. The strength 
of current must be sufficient to secure the continuous vibration^ 
of the hammer H (Fig. 54), which effects the “ make and 
break ” of the cuirejit; the contact being regulated by allowing 
the current to pass and very slowly turning the screw S m or 
out while the free end of the hammer is gently “ plucked.” 

The resistance box contains a number of wire resistances, 
the ends of which are attached to braSs blocks on the top of 
the box, electrical connection between these being made by 
means of brass plugs (Fig. 55) By removing the plugs, 
resistance is plac'ed in the circuit, the current being then made 
to pass through the wire. The value of the resistance inserted 
is marked opposite each plug-hole. 



Fio. 54. SS. 


Care must be taken that these plugs do not become dirty. 
When taken out, they should be placed on the top of the box 
or in the blind holes made for them, and not on the working 
bench. The plugs should be wiped fiom time to time with a 
cloth moistened with petroleum; and when the box is not 
in use, they should all be inserted in their places. 

The. conductivity vessel may have various forms, according 
to the liquid for which it is to be used. The two forms which 
come most generally into use are shown in Fig. S6. They con- 
sist of cylindrical glass vessels, either of uniform diameter or 
narrowed at the foot, for use with liquids of greater conductivity. 
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The electrodes are circular platinum plates sealed into glass 
tubes, and electiicaJ connection is made by means of mer- 
cury. These two tubes pass through an ebonite cover, and 
their relative positions must be fixed either by means of a glass 
tie, or by cementing the tubes to the cover. Tfe covei is also 
furnished with two holes for the insertion of a thennometer (if 
desired) and of a pipette (see below). Wlren not in use, these 
should be closed by means of small corks or rubber plugs. 
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The glass vessels are best cleaned and dried by first 
subjecting them for five or ten minutes to the action of steam, 
and then drawing a current of air thiough them by means of a 
filter pump. A very convenient apparatus for the purpose of 
steaming out the vessels is shown in Fig. 57. The glass tube T 
is fitted by means of a piece of rubber tubing into the stem of 
a funnel which passes through the cork in the neck of the flask 
F. The vessel to be cleaned is placed over the end of the tube 
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T, and water is boiled in the flask. The steam passes up through 
the tube, and the condensed steath collects in the funnel. 

Plj^tinizing the Electrodes. — The sharpness with which 
the sound minimum can be determined, depends largely on the 
nature of the '^surface of the electrodes, and is increased b/'l 
coating these with platinum black. This is best done electro- 
lytically.'' 

A quantity of platinizing solution (3 gm. of platinum chloride, 
o'o2-o’03 gm. of lead acetate, 100 c.c. water) is placed in the 
conductivity vessel, and the electrodes, previously cleaned by 
means of chromic acid lowered into the solution.^ The vessel 
should be supported in an inclined position, in order to allow 
the gas which is ■evolved during electrolysis to escape readily. 
The electrodes are connected with a batteiy of two lead 
accumulators (4 volts) through a commutator, which allows of 
the current bemg reversed. By means of a sliding resistance 
the current is regulated so that there is only a moderately 
rapid evolution of gas. The current should be passed for i o-i 5 
minutes, its dii action being reversed every half-minute. The 
coating should be black and velvety in appearance. 

A suitable form of commutator is shown in Fig. 58. It 
consists of a block of wood or paiafHn wax furnished with six 
mercury cups and terminals; and it can be used either for 
directing the current through one or other of two circuits 
or for reversing the current. When used for the former 
purpose, the poles of the battery afe connected by means of 
the terminals 2 and 5 with the corresponding mercury cups, 
and the wires of the two circuits are connected respectively 
with the terminals i and 6, and 3 and 4, By means of a 
rocking bridge consisting of two T-shaped pieces of copper rod 
connected by an insulating bar of glass or ebonite, the current 
can be sent through one or other of the two circuits. When in 
the position shown in Fig, 38, A, the current, will be sent 
through the circuit connected with the terminals 3 and 4 ; and 
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when the bridge is thrown over so that the ends dip into the 
mercury cups i and 6, the current will be sent through the 
circuit connected with- these. n 

When the key is to be used for revershig the current, 
the mercury cups i and 4, and 3 and 6 musf be connected 
by two insulated copper wires (Fig. 58, B). ^ The battery 



Fig. 58. 

is again connected with the terminals 2 and 5 as before, and 
the circuit dirough which the current is to be sent, either with 
the terminals i and 6, or 3 and 4. When the ends of the 
arched portions of the bridge are in the cups i and 6, the 
current will pass in one direction, and when they are m the 
cups 3 and 4, it will pass in the opposite direction through 
the circuit. The ends of the rocking bridge should be 
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On account of the absorbing power of platinum black, the 
removal of the last traces of platinizing liquid and occluded 
chlorine sometimes causes difficulty. It can best be effected 
either by placing the electrodes in a solution of sodium acetate 
or dilute sulphuric acid and passing a current for about quarte^^ 
of an hour, with reversal of the current every minute ; or by 
connecting the two electrodes together and making them the 
cathode in a solution of dilute sulphuric acid, another platinum 
electrode being employed as anode. In this case the current 
is, of course, not reversed. 

After being tieated in this manner, the electrodes are well 
washed with warm distilled water, and then several times with 
COj-free water (Ji. 16 1), until all soluble matter has been 
removed (see p. 183). 

' The Measuring Bridge. — This very commonly consists 
of a thin wire of platinum, platinum-iridium, or nickelin, 
stretched over a scale i metre long and graduated in milli- 
metres (Fig. 59). A sliding contact, r, having a platinum 



Fio. 59. 


knife-edge, makes contact with the wire. At the end of the 
bridge are termmals T, by means of which electrical contact 
with the bridge wire can be established. 

Smce it is possible, in most cases, to arrange that the 
reading on the bridge wire shall be less than 50-60 cm., the 
bridge can be made shorter, wliik the wire still remains the 
same length, the excess of wire being wound on a small drum 
below the end of the scale. 

The position of sound-minimum can be determined most 
sharply when the sliding contact is near the end of the bridge 
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wire ; but, on the other hand^ an error in the reading near the 
end of the wiie has a greater influence on the result than when 
the sliding contact is near the middle of the wire. In'' order, 
^therefore, to balance the errors of setting and reading, it is 
' best so to arrange the resistances in the box, that the position 
of balance on the bridge wire lies between 20 and 40, or 
between 60 and 80 cm. 

Calibration ol the Bridge Wire.— Before being used, 
the bndge wire must be calibrated. This is best done by the 
method of Strouhal and Bams, the ariangement for which is 
shown diagrammatically in Fig. 60. 



Fig. 60. 


The calibration bridge A consists of a strip of wood carry- 
ing II -mercury cups. These cups are connected by 10 
approximately equal resistances, the sum of which should be 
about ther same as the total resistance of the bridge wire. 
These resistances, one of which should be marked differently 
from the others, are very suitably made of thin manganin wire 
soldered to thick copper wires, the ends of which, 
ckaned and amalgamated^ dip into the mercury cups (Fig. 61'). 

'■ In alt measmements of dectrical resistance or conductance, whenever 
connections have to he made by means of copper wires dippmg mto 
mercury, one Should invariably make it a rule to see that the ends of the 
copper wires are rubbed quite dean, and, if necessary, freshly amalgamated 
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The ends of the calibration bridge are connected by non- 
resistance wires (thick copper wire’fe), WW, to the ends of the 



Fig. 61. 


measuring bridge (Fig. 60) ; and the latter is also connected with 
the secondary of an mduction coil, I. The primary of the latter 
is connected, if necessary, through a resistance (see p. 168), with 
a single lead accumulator or other suitable source of current ; 
a switch or other key being inserted in this circuit, and the coil 
kept in action onl^ while measurements are being made. For 
this and all other similar purposes, a small' electric-light switch- 
key, mounted on a wooden base with terminals, is very con- 
venient. The sliding contact c is connected with one terminal 
of a telephone T, while the other .terminal is connected with 
one or other of the mercury cups. 

The connections having been made, and the resistance 
wires placed in position m the calibration bridge, place the 
lead from the telephone in the second mercury cup from the 
left end of the calibration bridge, i.e. between the first and 
second resistances. Move the sliding contact c until the 
position of sound minimum is obtained (see p. 168). The 
resistance of this length of the measuring wire, wlrich we shall 
call a, will evidently bear the same relation' to the total resist- 
ance of the wire, as the resistance 1 bears to the sum of the 
ten resistances. Now interchange resistance i with resistance 
3, the lead from the telephone being still kept in the second 
mercury cup.^ Again determine the position of sound minimum, 

' Since the method of calibration consists in dividing the measunng 
wire into ten portions of equal resistance, each proportional to the 
resistance of one of the ten calibration resistances, it is well to have one of 
the latter specially marked. At the commencement of the calibration, this 
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and. let this reading he A The resistance of this length of wire 
will bear tire same relation to the total resistance of the bridge 
wire, as resistance a bears to the sum of the ten resistances. 

Now move the lead from the telephone into the third 
■r-mercury cup, and again determine the position of sound 
minimum. This point, c, on the bridge wire marks off a 
resistance which bears the same relation to the total resistance, 
as the sum of the resistances i and 2 bears to the sum of the 
ten resistances. By subtracting b from c, a length on the 
bridge wiie is obtained which beais the same relation to 
the total resistance of the bridge wire as resistance i bears to 
the sum of the ten resistances. That is, the resistance of the 
length f i is equal to that of a. r 

Interchange the resistance i with resistance 3, and again 
find the position of sound minimum, with the lead fiom the 
telephone still in the third mercury cup. This reading, will 
give a length of wire, the resistance of which bears to the total 
resistance the same relation as the sum of the resistances 2 and 3 
bears to the sum of the ten resistances. Now place the lead 
from the telephone in cup 4, and find another position of sound 
minimum, say e. Then it follows, as before, that e- dis equal 
to a. 

The measurements are continued in this way along the 
bridge until the resistance i has successively occupied the place 
of each of the others, and has reached the right-hand end of 
the calibration bridge. The last position of sound-minimum 
(in the neighbourhood of 90 cm.) is determined with the lead 
from the telephone in the tentli mercury cup, and this reading 
is subtracted from 100 to give the final length of the bridge 
wire equal to a. By this method, the bridge wire has been 
divided into 10 equal resistances, each of which is equal, 01 
approximately equal, to one-tenth of the whole resistance. 

special resistance must be placed at the extreme left of the calibsalion 
bridge ; it is the resistance which we have numbered i. 
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The ten lengths are added together, and the difference of the 
sum from too taken. One-tenth of this differ ej^gg k t^en sub- 
tracted from (or added to) each of the a these 

now add up to 100. The corrected value of ^^^^pves the 
length corresponding with 10 cm. of the bridge wire ; -f ^ajs 
that corresponding with 30 cm. of the biidge wire, etc. The 
diffeiences of a^, Ci ^ Oj, etc., from 10, 20, etc., give the correc- 
tions to be applied at these points of the bridge wire. The 
correction to be applied at an intermediate point is obtained 
by interpolation, which is best carried out graphically as in the 
case of the calibration of a burette (p. 37). 

The following table, giving the values actually obtained for 
one wire, will illustrate the foregoing description : — 


No, 

Readmff 
on bridge 

Length^ro- 

to reduce 

lengths to 

Corrected 
lengths^ of 

Length corre- 
sponding with 
the readings 
10, 20, 30, etc., 
cm on bridge 

Correction m 

applied at 
the end of 
each 10 cm. 

a 

lo’os 

10-05 

-004 

10*01 

10*01 

-0*1 

b 

Sill 

10 00 

-0-04 

9-96 

19 97 

-i-o-3 

d 

SSI 

9'9S , 

-0-04 

991 

29-88 

-1-1-2 

/ 

29*601 

39*60/ 

10*00 

^ 0-04 

9-96 

39-84 

4-1-6 


39'53) 
49 60) 

1007 

-0-04 

10-03 

49-87 

4-13 

J 

k 

49 7°l 
59 80/ 

10-10 

-0-04 

10-06 

59-94 

4- 0-6 

1 

ill} 

lO-IO 

-0-04 

10-06 

70-00 

0-0 

a 

6973| 

10-00 

-0-04 

996 

79-96 

4-0-4 

P 

r-’i5 ^ 

79-951 

89'g2/ 

9-97 

-0-04 

9-93 

89-89 

4-1-1 


89-9S| 

ID-15 

-0-04 

lo-ri 

100-00 




100-39 


99-99 
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Instead of using an alternating current for calibrating the 
bridge wire, one may also employ a direct current, The con- 
nections are tlie same as those given in the diagram (Fig. 6o, 
p, 174), but tire place of the induction coil is taken by a lead, 
;^upron, or other cell, and the telephone is replaced by a galva- 
nometer. A tapping key (p. 22 1) is inserted in the galvanometer 
circuit, so that the current can pass through the galvSnometer 
only when the key is depressed. The sliding contact is then 
moved along the bridge wire until a position is found such that 
on depressing the tappmg key no movement of the galvano- 
meter needle takes place. 

In calibrating the short biidge wires, where the scale is 
only 60 cm. long, the length of wire coiled <'ap at the end of 
the bridge must first he so adjusted that the middle point of 
resistance of the wiie coincides with the maik 50 on the scale-. 
To ascertain whether or not this is the case, the ends of the 
measuring bridge aie connected, as described previously (p. 175), 
with the ends of the calibration bridge; the lead from the 
telephone is placed in the sixth mercury cup, so that the resist- 
ance on either side of it is nearly the same (five resistances on 
one side and five on the other).* The pomt of balance on the 
bridge wire is then determined; call it aj. Now reverse the 
calibrating bridge, so that the five resistances which were pre- 
viously to the right of the telephone lead, are now to the left 
of it. Again find the position of balance on the measuring 
wire; call it a^. Then the resistance middle point of the 
bridge wire is given by 5 Li 3 , If this is not 50, loosen 

the clamp which fixes the end of the bridge wire at the end of 
the scale, and either lengthen or shorten the wire, until, on 
testing in the manner just described, the resistance middle 
point coincides with maik 50 on the scale. 

' (jM-'csn also replace the two sets of five resistances by two single 
approximately equal resistances. 
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When this has been done, the calibration is carried out in 
exactly the same manner as described for the metre bridge 
(p. 175^, except that only the readings a-h aie taken, and h 
subtracted fiom so'oo. The different values are then corrected 
so as to add up to 50, and the corrections determined as ' 
before. ^ , 

Conductivity Water.— On ^account of the sensitiveness 
of the conductivity method, it is necessary to use water of a 
high degree of purity. The purest water which has so far 
been obtained had a specific conductance of o 4 X 10“’ mhos 
(reciprocal ohms) at 18°; but for most purposes, except those 
demanding the highest degree of accuracy, water having a con- 
ductivity of 3-3 y! xo“* mhos will be sufficiently pure. V/ater 
havmg a conductivity greater than 3-4 X 10-* mhos should not 
b'e employed. Since the two chief causes of the increased con- 
ductivity are ammonia and carbonic acid, the ease with which 
satisfactory conductivity water can be obtained will depend 
to some extent on the quality of water with which we start. 
Occasionally the ordinary distilled water of the laboratory is 
sufficiently good; and where it is not, water of the desired 
degree of purity can frequently be obtained by redistillation, 
with rejection of the first and last thirds of the distillate. This 
redistillation must be carried out in an atmosphere free from 
fumes, and best in the open air; and the distillation should 
not be carried out too rapidly. The condenser is best made 
of block tin, but a tube of Jena or “resistance” glass can also 
be used with good result. It is well, also, to insert a trap 
between the still and the condenser, so as to retain, as far as 
possible, portions of the liquid which may be carried over by 
the steam. A Suitable form of trap is shown in Fig. 63. It 
consists of a piece of fairly wide glass tubhig. A, to which a 
side tube, drawn out to a capillary point, is attached. Through 
this side tube the water which collects in the trap passes out. 

A good conductivity water can also be obtained from a 
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lower quality of water by beating the latter for several hours 
with potassium permanganatlfe acidified with sulphuric acid. It 



Fig. 62. 


is then distilled, and the distillate is heated with baryta and 
again distilled. " 

Water which has been distilled in aii always contains car- 
bonic acid derived from the atmosphere. This can be removed, 
and the conductivity of the water thereby somewhat improved, 
by drawing COa-free air through the water (p. 161). 

The water so prepared should be kept in a flask or bottle 
fitted with a paraffined cork, through which pass a siphon tube 
and a tube containing soda-lime. Since water dissolves an 
appreciable amount of matter fiom ordinary glass, the flask 01 
bottle in which the conducbvity water is stored should either 
have been thoroughly “seasoned,” or should be made of a 
sparingly soluble glass, e^. Jena glass. 

The Cell Constant. — ^The specific conductance or con- 
ductivity, we have seen, is tire conductance of i cm. cube {not 
I c.c.) of the material. If, therefoie, the electrodes of the 
conductivity vessel are not exactly 1 sq. cm. in area and 
I cm. apart, the measured resistance or conductance of a solu- 
tion placed between them will have to be multiplied by a factor, 
in order to reduce the value to that which would be obtained if 
the electrodes enclosed between them i cm. cube of the liquid. 
This factor, which depends on the size and shape of the elec- 
trodes, and on their distance apart, is known as the resistance 
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capacity of the cell or the cell constant. It will be evident that if 
C IS the specific conductance andt the measured conductance, 

Q 

then tlfe cell constant K = 

e 

The value the cell constant can he most easily obtainedb?* 
by measuring the conductance ^ of a liquid of known conduc- 
tivity. ^ he liquid which is commonly used for this purpose is a 

^ solution of potassium chloride.* The conductivity of this 
solution, expressed in reciprocal ohms or mhos, is as follows — 


Temperatuie 

Conducllvity. 

10° 

I ’996 X IO-* 

i8» 

2-399 X IO-’ 

25 ° 

2 768 X IO-* 


Experiment. — Deteimme the Cell Constant of the given 
Cell. 

Fit up a thermostat and regulate its tempeiature at 25'o°, 
Since the temperature has a great influence on the conductivity 
of a solution, viz. about 2 per cent, per degree, the thermostat 
must be regulated so that the fluctuation of temperature does 
not exceed o'05°-o'i° (p. 71). Arrange the apparatus as shown 
in the diagram (Fig. 53, p. 167). All connections should be 
made with faiily thick copper wire, so as to have a negligible 
resistance ; and the ends of the wires, where they are attached 
to metal teiminals, must be scraped or rubbed clean with a knife 

‘ Such a solution contains gm. KCl in a litre at i8°. If the salt 

SO 

IS weighed with brass weights, and if we allow for the buoyancy of the air, 
the apparent weight will be The error introduced by neglecting the 

buoyancy of the air is for the purpose of these experiments negligible. 
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or emery-paper, and where they make contact with mercury (at 
the conductivity vessel) they must be amalgamated. 

The conductivity cell V is best supported in the thermostat 
by means of a holder such as is shown in Fig. 63. It consists 



of a plate of brass in which a hole is cut large enough to allow 
the conductivity' cell to pass through, the cell being supported 
by means of a thick rubber ring. Electrical connection 
between the electrodes and the rest of the apparatus is made by 
means of fairly stout copper wires, the ends of which (amalga- 
mated) dip, on the one hand, into the mercury in the glass tubes 
which carry the electrodes, and on the other hand, into two 
small mercury cups, M, attached to the holder. Into these cups 
the amalgamated ends of the wires leading to the resistance box 
and to the bridge wire also dip. 

If the electrodes have been fleshly platinized, it is necessary, 
before proceeding to make a measuiement, to make sure that 
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they have been completely freed from soluble substances by 
determining the resistance of the Conductivity water in the cell. 

If any soluble matter remains in the electrodes it will giadually 
pass into solution, and thus impart a greater conductivity to the 
water in the c^l ; and as the soluble matter is removed, the cori^ 
ductance of the water will dimmish, or the lesistance wiU increase. 
The electrodes must therefore washed for such a time that 
they no longer affect the conductivity of the water. SufiScient 
water is placed in the cell to cover the electrodes to a depth at 
least equal to the distance between the two electrodes, and care 
is taken that no air-bubbles are enclosed between the electrodes. ‘ 
When the water has taken the temperature of the bath, say after 
7-10 minutes,® insert a resistance of about 10,000 ohms in the 
resistance box j put the induction coil in action, and determine 
The position of minimum sound on the bridge wire. Empty the 
cell, and fill it with another sample of the conductivity water, and 
again determine the resistance in the above manner. If the elec- 
trodes were not quite clean, the resistance should now be found 
greater than before. Again wash out the cell, and determine 
the resistance of a fresh portion of the conductivity water ; and 
repeat the operation until a constant value for the resistance of 
two successive portions of the water is obtained. Owing to the 
high resistance measured, it will probably be found that the 
minmium is somewhat indistinct. Several determinations of 
the minimum position should therefore be made, and the resist- 
ance of the water can be taken as constant when the readings 
on the bridge wire for successive portions of the water do not 
differ by more than 2-3 mm. Make a note of this reading. 

* If the electrodes have been allowed to become dry, it is sometimes 
fcJund that they are not readily moistened. When this is so, first wash the 
electrodes with alcohol and then rinse in water. It should be made a rule 
to keep the electrodes, when not m use, in distilled water. 

’ If the water used has been freed from carbonic acid, it may he found 
that on longer standing, the resistance begins to diminish, owing to absorp- 
tion of carbon dioxide from the air. 
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Having in this way made sure that the electrodes are clean, 
t{ie cell and electrodes are riifsed several times with a ^ normal 
solution of pure potassium chlonde. A quantity of the Siolution 
is then placed in the cell, and allowed to take the tempeiature 
!^f the thermostat. The resistance of the solution is then 
determined by inserting a certain resistance in the box, and 
determining the position of sQimd-minimum on the bridge wire. 
Keeping in view what was said regarding the accuracy of the 
readings on the bridge wire (p. 174), the lesistance inserted m 
the box should be so regulated that the readings lie on the 
middle third of the bridge wire, i.e. between the marks 30 and 
70 cm. 

Several determinations of the resistance of the same sample 
of solution should be made with different resistances inserted 
in the box, and in each case several determinations of thi 
position of the sound-minimum made. The cell is then filled 
with afresh sample of the solution, and again several determina- 
tions of the resistance made, in the manner just described 
The value of the cell cons|ant is then calculated from each 
determination of the resistance, and the mean of the different 
values taken. ^ '■ ■ 

The value of the cell constant is calculated as follows : If 
R is the resistance inserted in the box, and if the shding 
contact at the position of balance divides the bridge wire 
in the ratio *:ioo — where x is the bridge readmg m 
centimetres, then the resistance, R', of the solution is given by 
•pi _ R. (too — «;) 

is. _ Hence, the conductance, of the solution 


is 55 j£ Q denote the specific conduct- 

ance (conductivity) of the solution (p. 166), then the cell constant, 
K, is given by the expression — 
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Having now obtained the value of the cell constant, we can 
calculate the value of the conduc3vity of the water used, from 
the det-erminations of the resistance made above. 

If the resistance inserted in the box was R ohms, and if the 
bridge reading at balance was x cm., then the conductance c' 

equal But if K is the cell constant, the con- 
ductivity, K, of the water is given by k = K . c* = ^ — — . 

R (100 — x ) 

The values of the fraction — , for values of * from 

o’i- 99‘9 cm., can be obtained from the following table 
compiled by Obfibh ; — 


Tables of Values of fox x = o'i-gg'Q cm. 



0-0 

0, 


0-3 



0-6 

0. 

08 

o'a 

« 

O'OOOO 

0010 

0020 

0030 

1 

0040 

0030 

0060 

0071 

0081 

0091 


OIOI 

OIII 

0122 

0132 

0142 

0132 

0163 

0173 

0183 

0194 


0204 

0215 

0225 

023s 

0246 

0256 

0363 

0267 

oli 

0288 


3 

0309 

0320 

0331 

034> 

0332 

0460 

0373 

0395 


4 

0417 

0428 

0438 

0449 

0471 

0482 

0493- 

0504 

0515 

s' 

0526^ 

0537 

0549 

0560 

nil 

0382 

0593 

060s 

0616 

0627 

6 

0650 


0072 

0093 

0^2^ 

0718 

0730 

0741 

7 

0753 

0764 

0776 

0788 

0799 

0811 

0834 

0846 

0858 

8 

0870, 

oSSi 

0S93 

0005 

0917 

0929 

0941 

0953 

0965 

0977 

9 

0989 


roi3 

1025 

1038 

1050 

1062 

1074 

1087 

1099 

10 

0 nil 

1124 

1136 

1x48 

1161 

1173 

1186 

1198 

i3p 

1223 


1236 

1249 


1274 

1287 

1299 

1312 

1325 

1351 


1364 

1377 

1390 

1403 

1416 

1439 

1442 


1468 

1481 

13 

Itli 

1508 

1521 

1534 

*547 

1561 

1574 

1588 

i6oi 

1614 

14 

1641 

tdS5 

1669 

1682 

1696 


1723 

1737 

1731 


1765, 

1779 

1793 

1806 

1820 

s 

1848 

1862 

1877 

1891 

1905 

1919 

1933 

1947 

1962 

1990 

2005 

2019 


17 

2048: 

2063 

2077 

2092 

2107 



2151 

2i66 

18 

zrgsl 

i210 

2225 

2240 

225s 


2300 

2315 

2331 

19 

2346 

1 

2361 

2376 

2392 

2407 


2438 

2453 

2469 

2484 
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Experiment. — Determine the Molecular Conductivity and 
the Dissociation Constant of £n Add. 

The apparatus remains the same as in tKe preceding,experi- 
ment. The conductivity cell and electrodes must be cleaned 
=Tind dried. This is best efifected, in the case of^the former, by 
the method given on p. 170, and in ^e case of the latter, by 
rinsing them well with water, removing most of tfie water 
by placing' a piece of filter paper against the edges of the elec- 
trodes, and then drying by waving the electrodes backwards 
and forwards in the hot air above a Bunsen flame. 

Now prepare 50 or 100 c.c. of a ^ molar solution of the 
pure acid. If the latter cannot be weighed, 'acetic acid, the 
strength of the solution must be determine<>by titration with 
a standard solution of baryta (p. 162), using phenolphthalein as 
indicator. Further, two pipettes must be obtained and cali- 
brated, one to deliver^ the other to take up, 10 c.c. (p. 35). 
When not in use, these pipettes should be placed in an upright 
position, with their ends resting on filter paper. 

Into the conductivity vessel, fixed in the thermostat, intro- 
duce 20 c.c. of the acid solution with the delivery pipette, and 
after the solution has taken the temperature of the bath, 
determine the resistance of the solution, as described in the 
preceding experiment; readings bemg taken, as before, with 
three different resistances in the box. 

Havmg taken a set"of readings for the resistance of the 
solution, withdraw rd c.c. of the solution with the withdrawal 
pipette, and introduce ro c.c. of conductivity water with the 
delivery pipette;* mix the solution well by moving tire elec- 
trodes up arid down, but be careful not to deform the electiodes 
or to alter their relative positions, and also see that no air-bubbles 

* A sufficient quantity (say 100-200 c.c.) of water should be kept in a 
stoppered flask in the thermostat, so that there need be no delay in waiting 
for the solutions to take the temperature of the bath after addition of 
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are enclosed between them. After having determined the 
resistance of this second solutiorij which is only half as con- 
centrated as the first; in the same manner as before, again with- 
draw 10 c.c. of the solution and add 10 c.c. of water. Determine 
the resistance Of this third solution. Proceed in this mannes*^. 
until the dilution reached is 1024 litres {i,e. i mole in 1024 litres). 

In carrying out the dilution it is not necessary to remove 
the cover from the conductivity vessel, but the pipettes ara.”^ 
inserted through the hole in the coyei provided for the purpose. 

To prevent the accidental displacement of the eleetrodes.by 
the end of the pipettes, a small mdia-rubber ring should be 
slipped over the latter to prevent the pipette from passing too 
far through the hole in the cover. 

The results obtained should be controlled by a seqpnd 
series of determinations, carried oiit in the same manner with 
a fresh portion of the initial solution. 

In order not to introduce carbon dioxide into the solution 
from the breath, it is better not to expel the last drop of water 
from the pipette by blowing, but by closing the upper end of 
the pipette with the finger and grasping the bulb of the pipette 
in the hand. The expansion of the air then forces the liquid 
out of the pipette. If, however, the other method is preferred, 
then a soda-lime tube must be attached to the end of the pipette. 

Calmlaiton . — The specific conductance, of the solution 

is given, as we have seen, by k = g . But- the mole- 


cular conductivity is equal to k.^, where ^ is the , yOlpq^e in 
cubic centimetres in which i_mole is dissolved . Hhttce, the 
, . . KL 

molecular conductivity is given by =• k . </> = 


The value of the fraction - 


again be obtained from 


the table, p. 185. ' 

Arrange youl: results under the headings </>, R, x, p.. 
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Suitable acids for this experiment are acetic acid, succinic 
acid, benzoic acid, mandelic'Jacid. Weak polybasic acids (e.g. 
succinic acid),' in the dilutions employed here, act elecjitrically 
as monobasic acids, i.e. only one hydrogen atom is ionized. 

Degree of Ionization and Ionization ' Constant. — 
Since the conductivity of a solution depends on the concentra- 
tion of the ions, the degree to which a dissolved electrolyte is 
ionized can he determined fiom the conductivity of the solution. 
If the molecular conductivity at dilution <!> is represented by 
and that at infinite dilution by fi„, then the degree of ioni- 
zation, a, is given by a = ^. If, therefoie, we know the value 
of fi^,^ and determine, in the manner described, the value of 
we can obtain the value of o. 

In the case of weak bmary electrolytes, it was shown bf 
Ostwald that the equilibrium between unionized molecules and 
ions obeys the law of mass action. If, therefore, a is the 
degree of ionization, (i — a) will represent the unionized por- 
tion. If V is the volume in litres containing i gm.-equivalent, 

the application of the law of mass action gives us (since - 

and represent the concentrations of ions and unionized 
molecules respectively) — 



where Ti is the dissociation or ionization constant, or, in the 
case of acids and bases, the so-called affinity constant. Since 
this number is generally very small, it is usual to emplo’y 
the hundrea-fold greater value K = ioo/5, and to call this the 
dissociation constant. 

> In many cases tltft cannot be determined directly, but must be calcu- 
lated from the sum of the ionic conductivities. 
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Calculation, — From the values of/x^ obtained above, calculate 
the degree of ionization and the ionization constant of the acid 
investigated. ^ 

In making tijis calculation use may be made of the follow- 
ing values of (for the temperature of 25°). The values o^ 
K = 100,^ are added for comparison : — 


Acid. 


K=joo4 

Acetic acid ... 

389 

1-8 X 10-' 

Succinic acid ... 

381 

6-65 X 10-^ 

Benzoic acid . 

381 

6-0 X I0-* 

Handelic acid .... 

378 

4-17 X 10-’ 


The calculation of the dissociation constant from the values 
o£ a is facilitated by the following table ^ : — 


* The position of the decimal point will be easily decided with the help 
of the following table of values of o and corresponding values of — — i — 



7^. 

0*0100 

o-oooioio 

0-0312 

0*001005 

0-0952 

! 0 01002 

0-271 

1 0*1007 

0-691 

I *006 

0-917 

1 10*13 

0-991 

109*1 


Suppose, for example, that a has been found equal to 0451, *On 
looking up the table for the value of corresponding to this, weifind 
the number 3705. From the above table w'e see that, for all values of a 
between o'27i and o'dgi, the values of ^ he between o'l and I'o 
Hence, the value of coricsponding with the value of a = o'4Si, is 

0-3705. ‘ 
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TAnwt OF Values of foil Values of a from o'oioo-o’ggg 


^ “ 




3 

4 

s 


cx 

8 


noTo 

1010 

1030 

1051 

1072 ' 

1093 

III4 ' 

M36 

1X57 

1479 

1201 


1223 

1246 

I26S 

1291^ 

13x5 

1337 

I,39X 

1385 

140S 

1433 

16S6 


1457 

1482 

1507 

X532 

IS57 

1582 

1608 

1633 

16,59 

013 

1712 

1739 

1705 

1792 

1820 

1847 

1875 

1903 

1931 

1959 


1987 

2016 

204s 

2074 

2104 

2133 

2163 

2X93 

2223 

2253 

Qlf 

22S4 

2314 

2345 

2376 

2408 

2440 

2473 

2505 

25.37 

2569 

016 

2602 

2635 

2668 

2706 

2734 

2768 

2802 1 

2836 

2871 

3226 

2905 

017 

2940 

2975 

3010 

3046 

3081 

3118 

31.54 

.3IQ0 

3262 

oi8 


3336 

3373 

3411 

3449 

3487 

3525 

3505 

3602 

3641 

019 

3680 

I3719 

3758 

3798 

3838 

3878 

3918 

3958 

3999 

4040 

0*020 

408s 

4123 

4164 

4206 

4248 

4290 

4333 

4,376 

4418 

4461 

021 

4505 

4548 

4591 

4635 

5087 

4680 

4724 

4759 

48:3 

4858 

4903 

022 

4949 

4994 

S041 

5133 

5179 

5226 

S273 

,S,320 

63®7 

023 

024 

.5415 

5462 

55x0 

5558 

5607 

5655 

5704 

■ 57,5,3 

5802 

5852 

S902 

' 5952 

6002 


6103 

6154 

6204 

6256 

0307 

6358 

02s 

6410 

6462 

6514 

6567 

6619 

6672 

6725 

6778 

6832 

6886 

026 

6940 

6995 

7049 

7104 

7159 

7213 

7269 

7324 

7380 

7436 

027 


7548 

7605 

7662 

7719 

7777 

7834 

7892 

7949 

8007 

02S 

8066 

S124 

8183 

8242 

8301 

8360 

8420 

8478 

8538 

8599 

029 

866 1 

8721 

8782 

8844 

890s 

8966 

9028 

9090 

9152 

9215 

o'03o 

9278 

9341 

! 99S2 

9404 

9467 

953X 

9595 

9659 

9723 

9788 

9852 

031 

9917 

1005 

lOII 

1017 

1025 

1031 

1038 

1044 

1051 

032 

1057 

1 1063 

1070 

1077 

1084 

.1091 

xoo8 


iiil 

1118 

033 

1125 

1 H32 

1138 

1146 

1153 

ri6o 

xi67 

1174 

1181 

X18S 

034 

1196 

1204 

1212 

1219 

1226 

1233 

1241 

1248 

1255 

1263 

0-035 

t270 

1277 

1285 

IZ92 

1300 

1307 

13x4 

1322 

1330 

1337 

036 

134s 

1352 

1360 

1368 

1375 

1383 

1391 

1398 

1406 

1414 

037 

1422 

1430 

1438 

1446 

1454 

1462 

1470 

1478 

i486 

1494 

038 

1502 

1510 


1526 

1534 

1543 

1551 

1559 

1567 

1575 

039 

_^83 

»592 


1608 

i6i6 

162s 

1633 

1642 

1650 

16S8 

0-040 

1667 

1675 

1684 

1692 

1701 

17x0 

1718 

1727 

1736 

1744 

041 

1753 

1762 

1770 

1779 

1788 

1797 

1805 

1814 

1823 

1832 

042 

1841 

1850 

1859 

1868 

1877 

x886 

1893 

1904 


1922 

043 

1932 

1941 

1930 

1959 

1968 

1978 

3987 

1996 

2^5 

2015 

044 


2034 

Z043 

2053 

2062 

2071 

2081 

2ogo 

2 X00 

2 X10 
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• 


3 

4 

1 = 

-6 

7 




3119 

2129 

2139 

2149 

2159 

2I6S 

2178 

2188 

2198 

220^ 


2227 

2237 

2247 

2257 

2267 

2277 

2287 

2297 

2307 

047 

2317 

23^ 

2337 

2347 

2^357 

2461 

2368 

2379 

2389 

2399 


048 


2430 

2440 

2450 

2471 

2482 

2492 


Xi 

049 

2524 

2534 

25^5 

2555 

2566 

2S77 

2587 

2599 

o'o5o 

2631 

2642 

2653 

2663 

2674 

‘'268s 

2696 

XI 

X 

2729 

051 

2741 

2^3 

2763 

2^8^ 

2785 

279b 

2807 

2840 


2852 

2874 

2897 


2919 

2931 

2942 

2953 

053 

2903 

2977 

2989 

3000 

3012 

3023 

3035 

3047 

3058 

3070 

054 

3081 

3093 

3105 

3116 

3128 

3140 

3152 

3164 

3176 

3187 

OS5 

3199 

3211 

3223 

323s 

3248 

3260 

3272 

3284 

3296 

3308 

056 

3321 

3333 

3345 

l■^469 

3595 

3357 

3370 

3383 

3395 

3407 

3419 

3432 

057 

058 

3444 

3570 

3457 

3583 

3608 


3507 

3634 

3520 

3647 


3545 

3673 


059 

3699 

3711 

3724 

3737 

3751 

3764 

3777 

3790 

3803 


0 060 

4098 

3843 

3856 

3870 

3883 

3896 

3910 

3923 

3936 

40^4 

061 

3977 

3990 

4004 

4017 


4044 

4057 

4071 

062 

4III 

4i24 

4139 

4153 

4186 

4194 

4208 

4222 

063 

423b 

4250 

42b4 

4278 

4292 

4306 

4320 

4334 

4348] 

4362 

06^ 

4376 

4391 

4405 

4419 

4434 

4448 

4462 

4477 

4491 ! 

4505 

065 

066 

4|I9 

4534 

4548 

4563 

4708 

4856 

4577 

4592 

4606 

4621 

4635 

4650 


4679 

4694 

4723 

4738 

4752 

4767 

4782 

4796 

067 

06S 

48n 

4826 

4841 

4871 

4886 

4901 

4916 

4931 

4946 

4961 

4976 

4992 

5007 

S023 

5038 

5054 

5069 

5085 

5100 

069 

5ns 

5130 

5146 

5161 

5 *77 

5192 

5208 

5223 

5239 

5254 

o'07o 

5269 

5284 

5300 

5316 

5331 

5347 

5362 

5378 

5394 

5410 

071 

07Z 

5426 

5586 

5442 

5602 


Ifst 

‘.5490 

5652 

5506 

5668 

sps 

^48 

5538 

5701 

5554 

5717 

5570 

IIP 

073 

5749 

5766. 

5782 

5799 

581s 

5832 

586s 

6031 

5881 

074 

5914 

5931 

5947 

5964 

5981 

5997 

6047 

6064 

075 

eosi 

6098 

^115 

6286 

6132 

6149 

6i66 

6183 

6200 

6217 

6234 

076 

6251 

6268 

6303 

6320 

6338 

6355 

6372 

6390 

6407 

077 

078 

6424 

6599 

6442 

6634 

6477 

6652 


6^87 

6529 

6705 

6547 

6723 

6564 

6740 

6582 

6758 

079 

6776 

6794 

6812 

6829 

nit, 

6S65 

6883 

6901 

6919 

6937 

o'oSo 

6955 

6973 

6992 

7010 

7029 

7047 

7066 

7084 

7103 

7121 

081 

7139 

7158 

7176 

7197 

7215 

7234 

7252 

7270 

7288 

7307 

082 

083 

7325 

7513 

7344 

7532 

7362 

7551 

7381 

7570 

7400 

7589 

7^0^ 

7437 

7627 


7474 

7665 

7495 

7684 

084 

7703 

7722 

7741 

7761 

7780 

7799 

7819 

J83S 

7857 

787b 
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0 
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. 
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* 

B 

9 

6'o85 


79*6 

7935 

i 

7955 

7975 

7994 

8014 

8033 

8of* 

8072 


8092 

8112 

8131 

8*5* 

8171 

8190 

8210 

8230 

Saiio 

8270 


8^ 

8310 

8511 


8350 

8370 

8391 

8411 

S5t3i 

8451 

8471 

088 


8532 

8552 

8372 

8593 

8613 

803.3 

86 s 4 


0S9 

8695 

8715 

8736 

8757 

8777 

8798 

8S19 

8839 

S860 

888 1 

0-090 

8901 

8922 

S942 

8963 

8984 

9W| 

9026 

9047 

9068 

OoSq 

091 

9110 

9131 

9152 

9173 

9*95 

9237 

9258 

9280 

9301 


9322 

9343 

9365 

9386 


9429 

945* 

9472 

9494 

95*5 



9557 

9579 

QbOI 


9644 

0666 

96S7 

9709 

973* 

094 

9753 

9775 

9796 

9818 

9840 

9862 

9884 

990b 

9928 

9950 

095 

096 

9972 

9994 

1003 

1004 

1006 

1008 

ion i 

10*3 

1015 

1017 



1024 

1027 

1029 

1031 

*033 

1036 

1038 

1040 


II 

1044 

1047 

*049 

1051 

*0,54 

*0.5^ 

1058 

1060 

1063 

098 

1067 

1069 


1074 


1079 

1081 

1083 

1086 

099 

1088 

1090 

1092 j 

1095 

1097 

1099 

IIOI 

1104 

1106 

1109 

O-IO 

nil 

**35 

*159 

1183 

1207 

1232 

*257 

1 1282 

1308 

*333 


1 1360 

1386 

14*3 

1440 

1467 

1494 

1522 

1,550 

*579 

1607 


1636 

1666 

1695 

*725 

1755 

1786 

1817 

1848 

1879 

1911 

13 

1943 

*975 


2040 

2073 


2141 

2175 

2209 

2244 

, 14 

1-3279 

33*4 

2350 

2386 

2422 

2459 

2496 

3533 

257* 

2609 

^ .JL 

2647 

2686 

2725 

2764 

2803 

2843 

3261 

2883 

2924 

2965 

3006 


,3048 

, 3090 

3132 

3*74 

3217 

3304 

3348 

3392 

3437 


3482 

1 3527 

3573 

36*9 

3665 

37*2 

3759 

3807 

1 3855 

3903 

395* 

4000 

4049 

4099 

4*49 

4199 

4250 


4353 

4403 

19 

4457 

,4509 

4562 


4670 

4724 

4778 

4833 

4888 
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0-20 

5900 
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5228 

5286 

5345 

5403 

5463 

5522 


55H2 
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5704 

5765 

5826 

5889 


6014 

6077 

6141 


0203 

6270 
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6466 

6532 

6666 

6734 

6802 

23 

6870 

6939 

7008 

7078 

7*48 

7219 

7290 

7362 

7434 

7506 

34 

7579 

7652 

7726 

7800 

787s 
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Basicity of Acids. — It has been found that the difference 
between the equivalent conductivity of — and — ^ solutions 


of the sodium or potassium salt of an acid is approximately 
equal to lo X B units, where B represents the basicity of the 
acid. To determine the basicity of an acid, therefore, it is 
only necessary to determine the equivalent conductivity of its 
sodium salt in a dilution of 32 litres and 1024 litres respectively, 
and to divide the difference of the values so found by 10. The 
nearest whole number then represents the basicity of the acid. 

Experiment. — Determine the Basicity of Succinic Acid. 
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For the purpose of this experiment, sodium hydroxide free 
from carbonate is required. ThiS is best prepared as follows : 
Metallic sodium m roughly weighed amount, according to the 
quantity and .^trength of the solution required, is freed from 
the adhering paraffin or other liquid, and from the cmst oi' 
oxide, and placed jp the funnel F (Fig. 64), made of nickel 



gauze. This funnel stands in a basin containing a quantity of 
water which has been made distinctly alkaline with ordinary 
caustic^soda (more especially if the water contain much car- 
bonic acid in solution), and over all is placed a bell-jar, the 
neck of which is closed by a cork carrying a soda-lime tube. 
The end of this tube, which passes into the bell-jar, should be 
bent so that any moisture which may condense shall not drop 
on the sodium. Under the apex of the funnel is placed a 
basin, D, of platinum, silver, or nickel j but this basin should not 
swim free omthe surface of the water, but should be placed op 
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a glass tripod, porcelain stand, or block of wood (weighted). 
The metallic sodium is nowifi an atmosphere free from carbon 
dioxide and saturated with water vapour. The water nvapour 
acts slowly on the sodium, and a stiong soluhon of sodium 
llydroxide tiickles down into the basin placed under tlie 
funnel. ^ 

* The operation can, if desired, be hastened by passing steam 
tlifMgh a coil of lead or compo. tubing, T, placed in the water in 
th^asin. The vaporization of the water is thereby increased, 
and the action on the sodium accelerated. Care must, how- 
ever, be exeicised, especially if large amounts of sodium are 
being acted on, tliat the action does not become too vigoious , 
and it is advisable to discontinue the passage of steam from 
time to time, so that the vaporization of the water under the 
bell-jar does not become excessive. ' 

To prevent tlie condensed steam from blocking up the 
heating tube, it is well to connect the exft end of the latter to 
a filter pump, a condensing bottle bemg inserted to prever\t the 
possible breaking of the pump by the hot steam. 

After all the sodium has been converted to hydroxide, the 
latter is transferred as rapidly as possible to a bottle containmg 
sufficient distilled COj-free water to make the solution of about 
the concentration desired. The solution can be standardized 
by means of succinic acid (the solution of which is also pre- 
pared with CO.rfree water), using phenolphthalein as indicatoi. 

In making up the — solution of the salt, one maj^ if the 
acid is solid, prepare exactly — solution of caustic soda and 
neutrali?e this with the sobd acid, using a drop of phenolphtha- 
lein as an indicator ; but in most cases it will probably be found 
most convenient to have the acid also in solution. In this 


case the caustic-soda solution must be stronger than — , and 
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may suitably be about Havij^g ascertained the titre of the 
alkali solution, as much of it is run from a burette intOia 
measuring flask as contains tire amount of sodium hydroxide 
n ^ 

required to give a — normal solution when diluted to a. given ’’ 

volume, say 100 c.c. This is tlien neutralized carefully by 
means of the acid solution. The acid must be added care- 
fully, towards the end of the process drop by drop, until the 
pink colour of the phenolphthalein, added as indicator, just 
entiiely disappears; better a slight excess of acid than of 
alkali. The solution is now made up to the given volume, 

say 100 c c., thus yielding a — solution of the sodium salt of 
the acid. The equivalent conductivity of this solution is de- 
termined in the manner previously described. The solution is 
then diluted by the successive withdrawal of 10 c.c. of the 
solution and addition of 10 c.c. of water (p. 188), until the 

concentration is normal ; and the equivalent conductivity 
at this dilution determined. 

Determination of the Neutralization Point by Con- 
ductivity. — Measurements of the electrical conductance can 
also be employed in order to determine the point of neutraliza- 
tion of an acid by an alkali, or mce versS, ; and the method is 
of especial importance when dealing with coloured or turbid 
solutiows, in which the change of colour of an indicatoi would 
be more or less masked. 

When a strong acid is added to an alkali, the conductance 
of the solution wiU decrease owing to the disappearance of 
hydroxidion, and its replacement by the less mobile anion 
of the acid ; but when all the hydroxidion has been removed, 
by combination with hydrion from the acid added, then any 
further addidon of acid will cause the conductance to increase, 
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owing to the addition to the solution of free hydrion. Since 
hydrion has a much greatefi mobility than any other ion, the 
presence of a slight excess of free acid will cause a maiked 
increase in the conductance. 

Experiment. — Determine the Strength of a Solution oj 
Sodium Hydi oxide. ^ 

Place a known volume of the solution of caustic soda (free 
from carbonate) in the conductivity cell, insert a resistance in 
the box, and determine the point of balance on the bridge 
wire, exactly as m the preceding measurements. The resistance 
which is inserted should be such that the bridge reading is 
about so cm. From a burette, run in a standard solution of 
acid (HCl or £[2804) in small quantities at 'a time, and 'after 
each addition determine the point of balance on the bridge 
wire, the resistance in the box ‘being kept the same throughouf! 
After each addition of acid, the solution must be well mixed. 
It will be found that as acid is added to the alkali, the sliding 
contact must be moved first towards the zero end of the wire, 
indicating a decrease in the conductance of the solution j and 
then, after a ceitain point, must be moved in the opposite 
direction. Several readings on either side of the, turning-point 
must be obtained. 

In order to obtain the strength of the alkali solution, the 
bridge readings are plotted as ordinates against the number of 
cubic centimetres of acid added, and curves are drawn through 
the points so obtained. The point of intersection of the two 
curves then gives the number of cubic centimetres”^ acid 
required to exactly neutralize the solution of alkali (Fig. 
65. A). 

The result obtained electrically should be controlled by 
titration, using phenolphthalein as indicator. 

If not only the acid, but also the alkali is strong, one may 
also add the base to the acid. In this case theie is first a 
diminution of the conductance owing to tlie replacement of 




is also sharply defined owing to the fact that the OH' is also a 
highly mobile ion. 

When, however, the acid is weak, it is necessary to add 
the acid to the alkali {and in ihts case a strong base must be 
chosen), and not the alkali to the acid. If the base is added 
to a weak acid, the minimum will not be sharp owing to the 
fact that the change in conductance is due not so much to 
the disappearance of the fast-moving hydrion (which is 
present in compaiatively small concentration), as to the I'e- 
placenlBht of the unionized acid molecules by the ions of the 
salt formed. When, howevei, the acid is added to the alkali, 
we get replacement of the hydroxidion by the much slower 
anion of the acid, and a consequent diminution of the con- 
ductance of the solution. As the acid is, how'ever, only slightly 
ionized, and the ionization is further reduced by the presence 
of the neutral salt, the addition of excess of acid does not 
generally let>4 to an increase of the conductance. In this 
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case, the neutial point is indicated by a shaip change in the 
direction of the conductance fcurves, as shown in Fig. 65, B. 

f Experiment. — Determine the Strength of a Solu^on of 
Acetic A cut. 

■ '' The e.xperiment is carried out in exactly the same manner 
as the pievious expeiiment. As solution^of acetic acid, one 
may use crude vinegar (brown), whereby the utility of the 
method will be rendered more obvious. 

Solubility of Sparingly Soluble Salts.— Determina- 
tions of the conductivity may also be employed, very advan- 
tageously, for the determination of the solubility of sparingly 
soluble salts. 

The equivalent conductivity of a soluticfn is given, as we 
have seen, by the expression = « . </>, where k is the specific 
conductance and the volume (in c.c.) in which i gram- 
equivalent of solute is dissolved. That is to say, if the 
saturated solution of a salt contains i gram-equivalent in ^ c.c,, 
the conductivity would be equal to j or, the volume in 
cubic centimetres containing i gram-equivalent of solute will 
\>e <j} = A^/k. A^ is, however, equal to aA„, where a is the 
degree of ionisation. Since A« is equal to the sum of the 
' ionic conductivities, Its value is known ; and if a is also known, we 
can calculate the value of A*. Since we are dealing here with 
very dilute solutions we may, for our present purpose, regard 
the ionisation as being complete, and o, therefqre, equal to 
unity We therefore obtain the expression ^ = A»//c, as the 
expression for the volume in cubic centimetres cSIItainmg 
I gram-equivalent of salt, or, the number of gram-equivalents 
of salt per litre will be givemby the expression 



It , must be borne in mind that for accurate determinations of the 
solubility, this assumption cannot be made, and the value of o must be 
ascertained and introduced in the above expression. e 
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Experiment — Deiermine the Solubility of Lead Sulphate 
or of Silver Chloride m Water at 

The, conductivity of the water employed should fiist be 
determined at^ 25°. A quantity of finely powdered lead 
sulphate or silver chloride is then shaken repeatedly with tllE 
conductivity water in order to remove any impurities of a 
comparatively soluble nature. The well-washed salt is then 
placed along with conductivity water in a hard-glass vessel, 
which is placed in a thermostat at 25°, and shaken from time 
to time. After intervals of about quarter of an hour, a quantity 
of the solution is transfeired to a conductivity cell, and the 
conductivity determined. This is repeated with fresh samples 
of the solution, un’lil constant values are obtained. 

The conductivity so determined is corrected by subtracting 
tRe conductivity of the water employed, and the solubility 
then calculated by means of the equation, « = - Xhis 

gives the number of gram-equivalents of salt m 1 litre of 
solution (or of water). To obtain the number of gram- 
molecules per litre, the solubility in gram-equivalents per litre 
must be divided by the valency of the metal. 

. The solubility of other sparingly soluble salts can be 
obtained in a similar manner. The value of A* can be 
obtained from the sum of the ionic conductivities (see 
Appendix), 

The influence of a common ion in diminishing the 
solubili#r of a sparingly soluble salt may also be studied 
by employing, in place of pure water, dilute solutions 

(1^0 im) acid, in the case of lead sulphate, 

or of hydrochloric acid, in the case of silver chloride. 

Hydrolysis of Salts. — When the salt of a weak acid or 
base is dissolved in water, hydrolysis occurs, so that the 
conductance the solution is now partly due to the ions of 
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the salt and partly to the ions (more especially the hydrion and 
hydroxidion) of the acid ortbase formed by hydrolysis. If, 
however, a quantity of the weak acid or base which,^ in the 
presence of its salt, can be regarded as compl^ely unionised, 
lb added to the solution, the hydrolysis of the salt will be 
diminished, but the ionisation will be^ unaffected^ From 
measurements of the conducjtivity of pure solutions of the salt 
(in which, therefore, hydrolysis occurs), and of solutions 
containing excess of the weak base or acid, the degree of 
hydrolysis can readily be calculated. 

Considering here only the simplest case of a binary salt, 
say of a strong monobasic acid with a weak monoacid base, 
we have, for th’e hydrolytic equilibrium, the Expression 
li’i _ (i — x)v 
h~ ^ 

where v is the volume in litres containing i gram-molecule of 
salt; A’ the degree of hydrolysis; the affinity constant of 
the weak base ; and the ionisation constant of water. The 
amount of the unhydtolysed salt is represented by (i — «), and 
of the free acid by x. For the equivalent conductivity, A^, of 
the solution of hydrolysed salt, therefore, we shall have 
A»= (i- a) A'» -t- a.A% 

where A'» and A"i> are the equivalent conductivities at the 
dilution » litres of the unhydrolysed salt and of the strong acid 
respectively. The former, as we have seen, can be determined 
by measuring the equivalent conductivity of thciiw^ialt in 
presence of excess of the weak base. The degree of 
hydrolysis of the salt at the given dilution is then given by 
the expression 

A„ - A'„ ■ 

*“A"«-A'» 

Experiment. — Detef mine the Degree of Hydrolysis of Aniline 
Hydrochloride in Aqueous Solution at 25°. ^ 
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Make a solution ^say of aniline hydrochloride in 

water. 20 c.c. of this solution in a conductivity cell and 

determine the conductivity: at 25°. Dilute the solution with 


water to and as described on p. 188, and determine the / 
conductivity at each dilution. Make now a solution of aniline 


hydrochloride, not in puie water, but in a ^-solution of 

aniline, and determine the conductivity at the same dilutions 
as before, the dilution of the original solution being carried 
out with the — -solution of aniline. From the conductivities 

" 32 » 

so determined, calculate the degree of hydrolysis of aniline 
hydrochloride at each of the dilutions, the equivalent conduc- 
tivities of hydrochloric acid at v = ^2, 64 and 128, being taken 
as 393. 399 and 401 respectively. 

Calculation , — From the value of the degree of hydrolysis 
found calculate (i) the affinity constant of aniline, assuming 
the ionisation constant of water at 25° to be o'Sa X 10 
(2) the ionisation constant of water, assuming the affinity con- 
stant of aniline to be 5-3 X io"“. 


References . — For preparation of conductivity water . Bourdillon, 
Trans, Chem. Soc., 1913, 103 , 791 For solubility determinations : 
Bottger, Zettschr. fhysikal. Chem., 1903, 46 , 521 , Kohlrausch, ihd,, 1908, 
64 , 129; Prud’homme, /. Chem. Rhys., 191 1, 9 , 517. For hydrolytic 
determinations. Bredig, Zeitschr. Rhystkal. Chem., 1894, 13 , 321 , Noyes, 
KatO SBITSosman,/. Amer. Chem. Soc., 1910, 88, 139. For determina- 
tions of the velocity of saponification : Walker, Proc. Roy. Soc., 1906, A, 
78 , 157 I Findlay and Hickmans, Trans. Chem. Soc., 1909, 96 , 1003. 



CHAPTER X 


TRANSPORT NUMBERS 

When a cunent of electricity is passed through an electrolyte, 
It is found that the change of concentration at the two elec- 
trodes IS, in general, not the same. It follows, therefore, that 
since equivalent amounts of positive and negative ions are dis- 
charged at the two electrodes, the velocity with which the ions 
move under tire fall of potential must be difierent. From" this 
difference in the velocity of migration of the two ions it follows 
that since the electricity is carried thiough the solution by ttfe 
ions, the amoimt of electricity carried in one direction by the 
positive ions, must be different fiom that earned in the opposite 
direction by the negative ions ; these two amounts being, in- 
deed, in the ratio of the velocities of migration of the cation 
and anion respectively. 

Since the total amount of electiicity passed through a 
solution is proportional to the sum of the velocities, u + v, of 
the cation and anion, it follows that the fraction of the total 

cunent carried by the cation is — — — , and that carried by the 
anion - These fractions are known as the trms^ori 
number of the cation and anion respectively (Hittorf). The 
transport number can therefore be obtained by determining the 
total amount of electricity which passes through the solution, 
and the amount of one of the ions which has passed away from 
the space round one of the electrodes. 

In this method of determining the transport number of an 
ion, it IS assumed that change in the concentration takes place 
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only in the neighbourhood of the electrodes, and that the inter- 
mediate portion of the solutioi^ remains unaltered. It is 
evident^ therefore, that the current must not be allowed to pa^ 
for too long a time. Another reason, also, for limiting the 
time duiing which tire curient passes is that alteration in tU& - 
composition would odierwise be caused by ordinary dilfusion. 

Experiment. — Determine the ^Transport Numbers of the 
Silber Ion and Nitrate Ion in a Solution of Silver Nitrate. 

Foi fhis experiment the apparatus shown in ^ig. 66 may 
be employed. The tubes are first 
fille_d with a solution of silver nitrate 

ab^t-^^the c^jimposition by weight 

wETcE IS determined by titration, or 
Uy electrolytic deposition. Into the 
tuijeiare fixed by means of corks, two 
silver electrodes made by ^fixing pieces 
of thick silver rod to copper wires, 
and cementing the latter into glass 
tubes so that only the silver is ex- 
posed. The rod to be used as anode 
sliould be freshly'plated with silver. 

As we shall be concerned only with 
the change in the composition of the 
solution at the anode, it is not neces- 
sary to have a silver cathode ; and its 
platf& iigni be taken by a copper elec- 
trode. In this case a layer (about 5 
cm. in depth) of a strong solution of. 
copper nitrate,, slightly acidified with 
nitric acid, is first introduced into 'the 
shorter limb of the 'apparatus, and the 
rest of the apparatus then filled with the silver nitrate solution. 
This must be done carefully so as not to disturb the layer of 
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copper nitrate. It is liost easily accomplished by placing 
a disc of coik on the top (ff the copper nitrate solution, and 
running the silver nitiale solution on to this fiom a pipette. 

The apparatus is now connected with a battery, and a 
purrent of about o'oi or o'os amp. sent thfough the solu- 
■ tion.* A milliammeter and a copper voltameter, together 
with a sliding resistance, should also be ifiserted in tlie circuit, 
all in series; the ainmeter'’ being used for the approxiirrate 
regulation of the current, and the voltameter for thr determi- 
nation of the total amount of electricity passed through the 
solution. The electrical potential which must be employed 
in order to give a current of about lo milliamperes will depend, 
6f course, on the resistance, and, therefore, ©n the dimeraons 
of the apparatus employed. In general, a potential of 30-40 
volts will be necessary ; and where this cannot be obtained 
from a battery, one may make use of the electric light cir^rit, 
a sufficiently large and adjustable resistance being inserted in 
the circuit.” 

As copper voltameter one may employ a beaker containing 
^ copper solution of the composition given below, in which dip 
two electrodes, about I'S cm. square, cut from copper sheet. 
The plate to be used as cathode must first be cleaned and 
weighed ; and at the conclusion of the expenment is withdrawn 
from the solution, washed well with distilled water and with 
alcohol, dried in the hot an over a flame, and again weighed. 
While the experiment is in progress, a current of caibon dioxide, 
washed by bubbling through water, should be passeirfhwwgb 
the solution. 

‘ Sufficiently accurate results can also be obtained with a current of 
about 7 milliainperes ; but too strong a curient should not be used on 
account of the heating efect, and the consequent danger of convection 
cunents causing a mixing of the different layers orsolution. 

1 ’ Such a resistance is'lbost easily obtained by placing two platinum 

I electrodes in a beaker of distilled water, and adding, in drops, a solution 
|of boric acid. ’ , » r 
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The copper oolution should have the following composition : 


Copper sulphate . 
Sulphuric acid . 
Aliwhol . ’’ . 
Water 


• 5 ° .. 

• SO .. 

- lOOO „ 


The saine solution cln be used repeatedly. 

■’<rhe current is allowed to pass fot 2-3 hours, according to 
the streri^ of the current employed;^ and the cathode of thh 
voltameter is then removed and weighed. The silver nitrate 
solution round the anode is run off into two weighed or tared 
flasks; about two-thirds of the solution being run into one 
flas!!9»and the remainder (constituting the middle layef of the 
solution) into the otlier. The solutions are then weighed and 
the amount of silver determined by titration or by electrolytic 
dojiftstfion. If the solution in the second flask does not have 
the same composition as the original solution, it shows that 
the experiment has been allowed to continue too long; and 
it must therefore be repeated, the current this lime being 
stopped after a shorter period. 

The method of calculation will be made clear by the 
following example : — 

Composition of silver solution before electrolysis — 


9'973 'gM, of water 
o'o 847 „ „ silver nitrate 


solution 


That is, for every 9'973 gm. of water there are o’o847 gm. 
of silver nitrate or o'ooo498 gm. equivalents of silver. A 
cm rent of about 6-7 milhamperes was passed through the 
solution foi about 25 hours. 

After electrolysis, the solution had the composition — 


' Tih® currant should be passed until about 0’05 to o 1 gm. of copper 
is deposited in (He voltameter. 
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Experiment. — Determine the ti ansfiori number of the Sodium 
Ion and Chloride Ion in a solution of Sodium Chloride. 

' In the case of salts of metals which decompose wiiter, it is 
evident that these metals cannot -be used as ^lectrodes. In 
tneir place one employs as anode a metal which passes into 
solution when the current is flowing (a sojpble anode)j and as 
cathode, mercury, or platinum, is used accoiding to circumv- 
stances. 

Prepare, by weighing, a solution of pure sodium chloride, 
containing about i per cent, of the salt. Fill the apparatus 
shown in Fig. 66a with this solution, the tube B being, however, 
replaced by B'. As anode use a rod of amalgamated zinc 
fixed into a glass tube with sealing-wax ; aTid as cathoSe” use 
mercury, contained in a trumpet-shaped tube, F. Pass the 
electrical current through the solution, as in the previous 
experiment, using a copper voltameter in circuit. At tfSCTcSn- 
elusion of the experiment close the clips D and E and withdraw 
the anode and intermediate solutions for analysis, as explained 
above. The anode solution, after being weighed, may be made 
up to a definite volume, and its concentration asceitained by 
a volumetric determination of the chloride. The composition 
of the intermediate solution should be found unchanged. 

In calculatbg the change in composition of the anode 
solution, It must be remembered that an amount of zinc 
equivalent to the coppur deposited in the voltameter has 
passed into solution. The solution, therefore, contains zinc 
chloride and sodium chloride. To obtain the weighf ot water 
contained in a given weight of the solution, the amounts of 
these salts must be calculated and subtracted from the weight 
of the solution. The calculation of the transport number is 
then carried out in a manner analogous to that employed in 
the case of silver nitrate. 

The transport number for Cl’ in a solution of sodiurn.chloride 
of the above concentration, at the mean temperature, is 0'6z. 



CHAPTER XI 

OF ELECTROMOTIVE FORCE 

Just as, in hydiodynamics, the energy of falling water is de- 
termined not only by the amount of water that falls, but also 
byi^e height of f^ll, so also in electricity, the electrical energy 
involves the two factors, amount of elect/ icity, and fall of 
fpiential or electro/notive force. This latter factor constitutes 
th^ ^driving force, and its measurement is of the utmost 
importance. 

For our present purpose, which is chiefly to study the 
relations between chemical and electrical energy, measuremefits 
of the electromotive force are of especial importance. When 
a chemical reaction takes place, it is said to be due to the 
action of chemical affinity, which cannot, however, in general 
be measured quantitatively, nor, indeed, qualitatively, except in 
a somewhat indefinite way by means of the heat of reaction. 
In the case, however, of electrolytic reactions which give rise to 
electrical energy, as, for example, in galvanic cells, the measure 
of the, a ffinity is given by the electromotive force of the cell. 
Therefore, although the amount of electricity delivered by two 
cells may be the same, the energy need not be so; for just as 
the chemical affinity in different reactions is different, so also 
is the electromotive force produced when these reactions take 
place in a galvanic cell so as to give rise to an electric current. 
Nor can the heat of reaction be taken as the measure of the 
electrical energy whihh a given cell will yield, because only in 
■» 
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a few cases is the latter e(ual to the heat of reaction ; in most 
cases It is either greater or l^s. The electromotive force of a 
cell, therefore, is a measure not of the heat of reaction, but of 
the diminution of the free energy ,.of a system, whicfi is the 
thermodynamic expression of what was called £bove chemical 
affinity. 

For this reason, and also on account or the problems which 
measurements of the electromotive force enable us to soJ^, 
the latter form one of the most important sections (J^hysical 
chemical practice. 

Measurement of the E.M.P. of a Cell— Outline of 
the Method. — The method usually employed for the de- 
termination of the e.m.f. of a cell is esse»tially that IrSjwn 
as the Poggendoiff compensation method. 

If a source of electricity, A (Fig, 67), of constant e.m.f. ts 
connected with the two ends of a wire, CD, of unifapswre- 
sistance, then the fall or 
potential along the wire 
will be uniform. The 
'jj difference of potential 
between C and any 
point E of the wire will 
be proportional to the 
Fig, 67. distance CE, and will 

be equal to the fraction 
of the total fall of potential along the wire. If another 



cell, B, the e.m.f. of which is less than that of A, is insertea 
along with a suitable indicating instrument, such as an elec- 
trometer or galvanometer, in a side ciicuit, CGBE, so that it is 
opposed to A, and if the sliding contact E is moved alo .ag;,th e 
wire until no current passes through the measuring inst rt!^^^ ^ 

then the e.m.f. of B is equal to that of A multiplied by 
If the e.m.f. of the cell A, the working ca^l, were 
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constant and sufficiently accurately Jcnown, the measurement 
of an unknown e,m,f. could be made in the manner described. 
As a rule, however, neither of th^ above conditions is fulfilled. 
It is tfieiefore necessarjA^ have a standard cell, the e.m.f. of 
which is accurately known. The point of balance E on tjje 
bridge wire is then determined when the standard cell occupies • 
the place of B j anS then the point E' (say) when the cell of 
"""ISfsiyjown e.m.f. is in place of B, * The unknown e.m.f. is then 
obtainS>ftom the relationship— 

CE _ e.m.f. of standard cell 
CE' unknown e.m.f. 

^ppava.tus,-;^TAe Working Cell. — hs working cell A, one 
must employ a cell with a greater e.m.f. than is to be measured. 
Since m all cases to be studied here, the e.m.f. is less than 
a^^igltSj the most convenient workmg cell to use is a lead 
accumulator, which, when fully charged, has an e.m.f. of some- 
what over 2 volts. In order that the cell shall not run down 
too rapidly, and the e.m.f. therefore, fall, an accumulator of 
fairly large capacity should be employed. Where large fixed 
cells are not available, a portable accumulator of 30 to 40 
ampere-hours capacity is very suitable. 

Instead of a lead accumulator, one may also conveniently 
employ two or three cupron cells connected in series; the 
e.m.f. of a cupron cell being about o-Sj volt. 

Measuring Wire . — The measurmg wire descnbed on p. 173 
..I ijany^be-^employed, and should be calibrated as described on 
p. 174 before being used. Although for most purposes the 
shortened bridge (60 cm. of scale) is suflficient, there are oc- 
casions when the longer scale is, if not necessary, at least 
rather more convenient. 

If we take the fall of potential along the bridge wire as 
being 2 volts, then i mm. of wire corresponds with 2 millivolts. 
So far as t^e bridge wire is concerned, therefore, an accuracy 



21 6 PRACTICAL PHYSICAL CHEMISTRY 

of 0-2 to O' 4 millivolts (t/irresponding with o'l and o'2 mm. 
on the scale) is attainable. Whether or not it is attamed in 
practice will depend largely on the sensitiveness of the galvano- 
meter or other measuring insti'um^t employed. For all our 
purposes, an accuracy of i millivolt will be sufiffcient. 

Standard Cell . — ^Various cells have from time to time been 
recommended as standards of e.m.f., but^e most convenient 
and the one now most generally employed is the cadmi<Gr" 
cell (Weston cell). This possesses the advantage??'^ only 
of being easily reproduced, but also of having a small 
temperature coefficient of e.m.f.* 

For ordinary laboratory purposes, the form of cell shown 
in Fig. 68 is ve»y coiivenientfand 
can be put together by the student 
himself. The cell itself consists 
of a H -shaped glass vess4-#is?Jh 
platinum wires sealed in near the 
closed ends of the side tubes. The 
vessel is supported on a wooden 
base by means of a metal clamp, 
or, more simply, by means of a 
large cork cut to the appropriate 
shape. The platinum wires are 
connected, without stram, to two 
terminals. 

Prepare a saturated solution of 
pure, crystallized cadmiuiiys u i pltnii i n 
(CdS04.3Ha0), either by shaking 
excess of the finely powdered salt 
with distilled watei, or by grinding 
crystals of cadmium sulphate in a 
mortar under water. In making 
' Another cell, sometimes used as a standard electioraotive force, is 
the Clark cell. 
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this saturated solution, the temperature should not be raised 
above 75°, because at this temperature the salt CdSO^.^HaO 
changes to the monohydrate, CdSb4.H20. 

Into the one limb of jjhe H-shaped vessel there is poureS 
a quantity of c^mium amalgam containing about 12 '5 per cet^. 
of cadmium. This is prepared by adding i part by weight 
of pure Sadmium, fr^ especially from zinc, to 7'o parts of pure 
(vide infra) and warming on a water bath. The 
amalgafe's^ich is liquid at tempeiatures of about 100°, should 
be well stined with a glass rod and then poured into the limb 
of the H-vessel, which is kept warm by immersion in hot water. 
When sufficient amalgam has been poured in to cover the 
plale^ra wiie to a^depth of about half a centimetre, the vessel 
is removed from the hot water and allowed to cool. On 
cooling, the amalgam solidifies. 

top of the amalgam there is placed a thin layer, 
about 2 mm. deep, of moist, finely powdered cadmium sulphate 
crystals (left undissolved in the preparation of the saturated 
solution). 

Into the other limb of the H-vessel, a quantity of pure 
mercury is poured so as to cover the platinum wire and foim a 
layer about i cm. deep, and on the top of this is spread a layei, 
3 mm. deep, of mercurous sulphate paste. The latter is made by 
rubbing together in a mortar, mercurous sulphate and mercury 
together with a small quantity of cadmium sulphate crystals 
and sufficient of the saturated solution of cadmium sulphate 
.11 tfl, fptm fli thin crqam. The liquid is then filtered off through 
a plug of cotton-wool placed in the stem of a funnel, w'ith the 
aid of a filter pump. The paste is again rubbed up with a 
further quantity of the cadmium sulphate solution, and again 
filtered. The process should be repeated a third time. The 
purpose of this is to remove any mercuric sulphate which may 
be present. 

Having placed tkis paste, moistened with a little solution 
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of cadmium sulphate, onfche top of the mercury, several fairly 
large and clear crystals of cadmium sulphate are placed in 
either limb of the vessel, which is then filled up to within 
about I ’5 cm. of the open end^, with saturated cadmium 
SHlphate solution. The open ends of the Cubes are then 
closed by means of a layer of paraffin wax and a disc of cork, 
and the latter is then entmely covered with seaUng-wax. 

In closing up the ends of the vessel, the precaution sl)p«xu^ 
be observed of having a small air-space in one or^b'^oT limbs 
of the vessel, so as to allow for the expansion of the liquid in 
hot weather. If any difficulty is experienced in enclosing an 
air-bubble, it can easily be got over in the following manner : 

A thin layer of melted paraffin is first pouted into onw^tmb 
only of the vessel; and when this has solidified, a small 
pin-hole is made through it and the vessel inclined slightly 
so as to draw air in through the pin-hole. The latt?i;je.«fen 
closed by means of more paraffin while the vessel is still 
inclined. 

The finished cell has the appearance shown in Fig. 68. 

The e.m.f. of the cadmium cell prepared in the above 
manner has the following values ; — 


Temperature. 

e m f. {r volts. 

S ° 

I'oiSg 


I'oigg 

is° 

I oiS8 

20° 

I-OI86 >. 

3S° 

I •0184 


At the ordinary tempeiature (i5°~i8°) we may, for our 
purpose, take the e.m.f, as equal to i-oig volts. In this cell 
the meicuiy forms the positive, the amalgam the negative pole. 

Purification of Mercury.— For the above purpose, and 
also for many other purposes in physical chemistry ,^ure mercury. 
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free especially from less noble metalsjsuch as zinc and lea(i, is 
required. E'or the purification, either of the following methods 
can be employed; preferably thJ latter when the amount of 
mercury to be purified is cjjmparatively small. 



1 The mercury is placed in a moderately wide tube, bent 
as shown in Fig. 69, and a current of air is diawn for several 
horns thiough the metal with the help of a filter 
pump! The zind and lead are thereby oxidized, 
and lise to the surface as a scum. The pure mer- 
cury IS then at once poured out thiough the lower 
enoWTWrtube. 

2. If the amount of mercury is smaller, it is best 
shaien for ten or twenty minutes (according to the 
degi’ee of impurity) with a solution of mercurous 
nitrate acidified with nitric acid. It is then well 
washed with distilled water, and dried by means of 
filter paper. Still better, the purified mercury is 
poured in a fine stream, by means of a funnel with 
drawn-out point, through a layer of mercurous nitrate 
solution acidified with nitric acid, contained in a tube 
to the lower end of which a bent capillary tube (i mm. 

'bor'^ is 'sealed (Fig. 70). The length of the latter 
should be so fixed that mercury ceases to flow from Fig. 70. 
it, when there is stiU a layer of mercmy in the wide 
tube of about 2 cm. in depth. By means of this apparatus, the 
mercury is obtamed dry. 

In filling this tube for the first time, pure mercury must first be 
poured into the tube^ and then the solution of mercurous nitrate; 
and in no cass should impure mercurybe poured through the tube. 
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'Capillary Bleclt omelet— ox the purpose of determining the 
point of balance on the bridp wire (p. 214), one may employ 
either' a sensitive galvanometer, or an 
electrometer^ For our purpose, the 
most convenient instiumEnt is the capil- 
lary electrometer, of the form shown m 

Puie dry mercury is poured int9i»tfie 
limb A of the electrometej^^STas to 
cause the meniscus to stand about two- 
thirds up the capillary portion. Mercuiy 
is also poured into the other limb, B, 
so as to about half ^11 the bulbf^d 
the rest of this tube is then filled by 
means of a fine pipette with dilute 
sulphuiic acid (i part nf 
parts of water by volume), which has 
previously been shaken with a little puie 
mercuiy. In order to get the sulphuric 
acid into the capillary, a piece of india- 
rubb^ tubing is attached to the end of the limb A, and mcicury 
blqwn out through the end of the capillary into B. On now 
sucking back, the mercury is brought again within the capillary, 
and the acid follows it. Care must, however, be taken not to 
suck so stiongly that the acid is drawn round the bend of the 
capillary into A. When in use, also, the walls of the capillary 
must be kept well wetted with acid, and this is effectsd ^ 
same way by blowing 01 sucking through a tube attached to the 
limb A, so as to move the mercury up and down the capillary. 

Contact with the mercury in either limb is effected by means 
of tliin platinum tvires fused or soldered to thin, well-insulated 

* This instrument lias recently been considerably improved. It is 
filled with carefully boiled sulphuric acid and prre mercury, and then 
hermetically sealed. Tire platinum wires are fused into th^lass. 



Fig, 71. 
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copper wires. (The platinum and copj^erwires can be easilyfused 
together in the blow-pipe flame.) |n the case of the wire making 
contact, with the mercury in the limb A, the junction of thp 
two wires must-be carefullj6|Coveied by means of sealing-wax or 
varnish, in order to prevent the copper coming in contact with , 
the mercury. In the case of the other wire, either a sufficiently ' 
,joiig piece of platinum must be us^d to pass down through the 
meicury, or a short piece of platinum wire may be 
fused to^hin copper wire, and the latter protected from the 
acid by sealing the wire into a narrow, thin glass tube, made by 
drawing out a test-tube. The upper end of this tube may be 
closed and strengthened by means of sealing wax. 

'^!ile position df the meicpry meniscus in the capillary de- 
pends on the surface tension between the mercury and the 
sulphuric acidj and this, in tuin, depends on the electrical 
pffCCrssS'^veen the mercury and the acid. If this potential 
is altered, as, for example, by connecting the two meicury elec- 
trodes with a cell or with two points of a circuit between which 
there is a difference of potential, the meniscus will movej and 
for small differences of potential, the amount of movement is pro- 
portional to the difference of potential. In order, however, that 
the meniscus shall take up a definite position, the two electrodes 
must be connected together except when making a measure- 
ment. This is effected by means of a triple contact Morse key, 
shown m Fig. 72. The elec- 
trical connections between the 
■"Ecniuhal^ a, h, c and the con- 
tacts ff', y, aie indicated by 
means of the dotted lines. The 
electrodes of the electrometer 
are connected with the terminals Fig, 72. 

b and c, so that they are con- 
nected together whw the key is in its normal position. The 
teiminals a a^sd c are connected with the lest of the circuit, so 



£Ucfr<meter 
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that on depressing the hfcy, the current can pass from a to a\ 
thence through the har of tli^ key to b, and through the electro- 
meter to c. r 

In using the capillary electromHer, care should always be 
t^eii that the direction of the positive current through the 
electrometer is from the large electrode to^ the capillary. This 
is ensured by making the connections as shown in Eig. 73. 



reason for this is to prevent the formation of mercurous sul- 
phate in the capillary, which might occur if the capiri,./; l!Rf?Sry 
were anode, and a rather large current were sent through the 
electrometer at any time, such as when looking for the point of 
balance. 

In order that the capillary electrometer shall work well, it 
is necessary that the glass and mercury shall be quite clean. 
Usually, the tubes as supphed by the makers will be found to 
give satisfactory results, without any treatment. If the tube 
should become dirty through use (or misuse), it is frequently 
better to discard it altogether, although it can, as a rule, be 
cleaned by treatment with hot nitric acid followed by a hot 
solution of potassium bichromate and sulphuric acid " or'aTRJT’ 
solution of caustic soda, and again followed by hot nitric acid. 

It must then be well washed with distilled water, and dried by 
drawing air, filtered through a plug of cotton-wool, through the 
tube. 

As the movements of the mercury meniscus near the point 
of balance are very small, they must be observed by means of 
a microscope. A convenient form of electroureter stand .is 
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shown in Fig. 74. The capillary eledfcometer is fixed opposite 
the end of a microscope by mear^ of a small clamp, and the 
surface ^of the meniscus is illumi- 
nated by mean^ of a mirrffjr or by .pi H 

a small electric lamp, the light n 

of which should be diffused by 
.^jneans of white tissue paper or 7 

gro 5 '«d,,^ass. The sharpness of 
the imag^f the meniscus in the \ 
microscope is increased by cement- n 

ing a thin strip of glass (micro- I |^| 

scope cover glass) with Canada jr _|P^ 
baiSto on the friltot of the capil- 
lary. In the eye-piece of the P 

rSicroscope there is a scale, which I B 

allBli- movement of the | 

mercury in the electrometer being |! 

Experiment. — Standardization q 

ofthi Cadmium Cfill, ij-i 

After the cadmium cell has 
been prepared as described on p. 

216, it should, before being used 

for measurements, be compared Kio. 

with an accurately known e.m.f., 

say, with another cadmium cell which has already been 
’"^ttmdardized. 


Fit up the apparatus as shown in the diagram, Fig. 75. 
A is the working cell (p. 215) which is connected through the. 
key Ki {e.g. an electric switch key) to the ends of tlie bridge 
wire ab. E is the capillary electrometer, the electrodes of 
which are connected with the terminals Tj and To, by means of 
thin, insulated copper; wire. M is a Morse tapping key (p. 221), 
and IC2 is a Hvo-way key by means of which either cell W, or 



224 PRACTICAL PHYSICAL CHEMISTRY 

cell Wa can be put in circuit. C is the sliding contact on the 
bridge mre. The difFeren^ connections are best made with 
Pexible well-insulated wire. 



If a two-way key Kj is not available, its place can be taken 
by the arrangement shown in Fig. y 6 , A. This consists of a 
block of wood or of paraffin (obtained by melting paraffin and 
pouring it into a cardboard mould, the lid of a photographic 



B 



Fig. y6. 


plate box) furnished with three mercury cups, into which the 
amalgamated ends of the w([res from the tapping key and from 
the cells are placed. Between the cups i and ^ and i and 3 
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a shallow groove is, cut in which the^ connecting wire of thick 
copper, fixed into a glass tube, rests. 

In order to pi event the ends of the wiies lifting out of the 
mercuiy cups, they should passed underneath small clips of 
wire or foil fastened beside the cups (Fig. 76, B). x 

A three-way key (Fig. 77) can be made in a similar 
^manner. 

apparatus havhig been connected together, the cm rent 
is allowe^o flow from the working cell through the bridge 
wire. By means of the two-way key, place the 
standardized cell (Wj) in the circuit, and move 
the sliding contact C to, say, mark 60 on the 
meSS&ing bridge.® Depress the tapping key 
sharply but not violently, and notice if there 
is any movement of the mercury in the elec- 
trgBTe t" "w w S u ppose the mercury moves up 
(apparently down in the microscope). Move 
the sliding contact down the wire until a point 
is reached at which, on depressing the tapping key, the mercury 
in the electrometer moves in the opposite direction. The point 
of balance must then lie between these two positions. Now 
move the sliding contact up the bridge again, say i cm. at a 
time, and note the point at which there is again a reversal of 
the direction of movement of the mercury. The sliding con- 
tact should now be moved i mm. at a time, and in this way 
two points can be found, not more than r mm. apart, between 
’"which thd point of balance must lie. We may now move the 
sliding contact carefully within this distance of i mm. and find 
the point at which there is no movement in the electrometer ; 
or, with the sliding contact at two points about i mm. apart 
and on either side of the point pf .balance, we may note the 
number of divisions on the scale of, the microscope over which 
the mercury meniscus passes, and calculate from these, by 
proportion, the position of the point of balance. 
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On nearing the pointfof balance, it will generally be found 
difficult to detect the movement of the mercury meniscus on 
depressing the tapping key. In this case, keep the key 
depressed for say s seconds, andpthen release qmckly, and 
note if there is any movement of the meniscus. Several 
readings should be made in this way with the sliding contact in 
the neighbouihood of (not more than half a millimetre aw^ 
from) the point of balance.' Having obtained a rea^jrww'xor 
the standard cell Wj, alter the two-way key so as^ro put the 
cell Wj in circuit, and find, in tbe manner described above, the 
point of balance for Wa. Then determine the point of balance 
for Wj again in order to make sure that the fall of potential 
along the wire has not altered. 

If Ri and Ra are the leadings for the standardized cell Wj, 
and foi the cell to be standardized, Wa, respectively, we have-^^- 
' e.m.f. of Wa _ R, 

e.m.f. of Wi Ri 

or, e.m.f. of Wa = X e.m.f. of W, 

Seat of Electromotive Force of a Cell. — ^When we 
have a galvanic cell mserted in a circuit, it is, in general, 
possible for sudden changes of potential to occur at different 
points of the circuit. Thus, suppose we have the cell — 

metal I I solution containing I solution containing I metal II 
I ions of metal I | ions of metal II 

and suppose the two poles to be connected through a length of 
resistance wire, say of nickelin. Then, sudden differences of 
potential are possible (i) at the junctions of the nickelin with 
the poles j (2) at the junction between the metal I and the 
solution; (3) at the junction between metal II and the solution ; 
(4) at the junction between the two solutions. Under ordinary 
conditions, when the temperature is constant,„the potential 
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differences under (i) vanish. Not ^0, however, the potential 
differences between the two soluti<^ns (contact potential). Here 
an appreciable potential difference may exist, due, as the theory 
shows, to the difference the velocities of migration of the 
ions. In some cases this potential difference can he calculated, 
but not in all cases ; and it is better, where possible, to reduce 
..^is contact potential so as to make it negligible. Two chief 
wa7NSii,;^ing this are, first, to have present in the two solutions 
a relativ^ large (and equal) concentration of an indifferent 
electrolyte (potassium nitiate being frequently useful for this 
purpose) j and, second, to insert between the two solutions a 
concentrated solution of potassium chloride (three or four 
timeS^ormal). la this way, the chief and, practically, the only 
differences of potential occur at the junctions of tlie metals 
liWth the solutions ; and, therefore, the e.m.f. of the cell will be 
e(jLial-**e**<«tlgebraic sum of these potentials. 

The difference of potential between a metal electrode and 
a solution of one of its salts may be regarded as due to the 
passage mto solution and ionization of the metal (m which case 
the electrode becomes negative to the solution), or to the dis- 
charge of the metal ions m the solution at the electrode (in 
which case the electrode becomes positive to the solution). 

The potential which is observed will therefore depend on 
the metal which forms the electrode, and also on the concen- 
tration of its ions in the solution surrounding it (see below). 
When the metal is positive with respect to the solution, it is 
' said to l?ave a positive (-f) potential; when it is negative to 
the solution, it is said to have a negative (— ) potential. This 
convention is, however, not universally employed. 

Measurement of ^Single Electrode Potentials. — In 
order to measure the potential between an electrode and a 
solution, it is necessary to have another electrode and solution, 
the potential differei^ce between which is known. As standard 
electrode wei, shall employ what is generally known as the 
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calomel electrode. This consists of mercury in contact with a 
solution (normal or deci-norn^l) of potassium chloiide saturated 
with mercurous chloride. 

Freparation of tlie Calomel Eketifode , — Asa vessel to contain 
tlfe mercury and the solution, one may use a small, mde- 



consists of a glass tube furnished with a bent side tube A, and 
a short straight side tube B, near the top. It is most convenient 
to have the tube A in two portions connected by rubber tubing, 
so that the free end can be detached and washed out when 
necessary. Over the end of the side tube B there should be 
passed a piece of india-rubber tubing which can be closed by a 
spring or screw-clip. Connection with the meipury electrode 
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is effected by means of a platinum \fl)re, either sealed into the 
bottom of the electrode vessel, or sealed into a glass tube and 
passed through a rubber stopper ill the mouth of the tube. In 
the latter case, electrical connection is made by means of 
mercury in the tube C, into which an amalgamated copper wke 
dips ; or the copper wire may be fused to the platmum wire ’ ’’ 
before tfie latter is sSaled into the tube. 

prepaie the noimal solution of potassium chloiide, 
using piH* recrystallized potassium chloride (dried) for the 
purpose. In the bottom of the electrode vessel, previously 
thoroughly dried or washed out with the solution of potassium 
chloiide, place a small quantity (1-2 c.c.) of pure mercury (p. 
af^T^nd over this a layer of calomel paste. This paste is 
prepared by rubbing together in a mortar calomel and mercury 
V^ith some of the solution of potassium chloride. It is then 
washed-<te®rfr three times with a quantity of the potassium 
chloride solution, the mixture being allowed each time to stand 
until the calomel has settled, and the solution then decanted 
off. Finally, the paste is shaken up with the remaining quantity 
of the potassium chloride solution (in order to saturate the latter 
with calomel), which should then be decanted off and kept in a 
stoppered bottle for future use. 

Having placed the merctiiy and the calomel paste in the 
tube, insert a rubber stopper or paraffined cork, carrying the 
glass tube C, with platinum wiie, which must dip into the 
mercury at the bottom of the tube. The vessel is then filled 
r with the solution of potassium chloride saturated with calomel 
and mercury, by sucking in the solution through the bent side 
tube A, and then closing the rubber tube on B with a clip. 
The potential difference between the mercury and the solution 
is + o‘s6o volt at 18°, the mercury being positive to the 
solution. The potential difference increases by o'ooo6 volt 
per degree. ^ 

The vessel may be supported for use, either in the clamp of 
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a retort stand, or, very sii(^ply and conveniently, in a split brass 
collar on a block of wood or metal (Fig. 79)- For making 
connection between the mercury electrode 
and the rest the circuit, it is very con- 
venient to have a doubfe terminal, T, 
screwed into the base. ' 

Electrode Pofentials. — When a 
metal is placed in a liquid, tlreiejii-'ln 
general, a potential difference,,«draWished 
between the metal and the solution owing 
to the metal yielding ions to the solution, 
or the solution yielding ions to the metal. 
In the former case, tha-metal will b«i 5 The 
negatively charged to the solution] in 
the latter case, positively charged. ' 

■ Since the total e.m.f. of a cell is (or can in ujaej^jises <be 
made practically) equal to the algebraic sum of the potential 
differences at the two electrodes, it follows that if we know the 
e.m.f. of a given cell, and the value of the potential difference 
at one of the electrodes, we can calculate the potential difference 
at the other electrode. For this purpose, use is made of the 
standard calomel electrode, which is combined with the electrode 
and solution between which one wishes to determine the 
potential difference. 

In the case of any particular combination, such as the 
following — 



Fid. 79' 


Zn 


«-solution 

ofZnS04 


Hg,a 

in «-KCl 


Hg 


the positive pole of the cell can always be ascertained by the 
way in which the cell must be inserted in the side circuit (Fig. 
73, p. 222), m order to obtain a point of balance on the bridge 
wire. In order to obtain a point of balan^ie, the cell must be 
opposed to the woiking cell j and therefore, if thq.,positive pole 



MEASUREMENTS OF ELECTROMOTIVE FORCE 231 

of the latter is connected with the qjjid a of the bridge wire, it 
follows that the positive pole of the cell in the side circuit must 
also be connected with a. 

On'measuring the e.m.f. of the above cell, we shall find ’it 
to be about I'oy volts, and’ from the way in which the cell bas 
to be connected to the biidge wire, we find that the mercury is- 
the posi’tive pole \ Kence, the current must flow in the cell from 
2hw^omercury. We theiefore draW an arrow under the diagram 
of thec&Ssghowing the direction of the current, and place beside 
it the value of the e.m.f., thus — 

Zn I «-ZnS04 | Hgjda in «-KCl | Hg 



We further know that the mercury is positive to the solution 
2)f calomel, so that the potential here tends to produce a current 
fjpm - ’Wt i cn i ri ution to the mercury. This is represented by 
another arrow, alongside of which is placed the potential 
difference between the electrode and the solution, thus — 

Zn I «-ZnS04 1 HgaCl, in «-KCl | Fig 
o 560 

I ’07 2 

Since the total e.m.f. of the cell is imya volts, and since 
the potential difference between the calomel and the mercuiy is 
o‘56o volt, it follows that the potential difference between the 
zinc and the solution of zinc sulphate must be o'Si2 volt, and 
this also must assist the potential difference at the mercuiy 
electrode. Thus we have — 

Zn 1 «-ZnS04 | HgaCla in «-KCl | Hg 
9-512 0-560 

1-072 ^ ®>* 

From the diagiam we see that there is a tendency for 
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positive electricity to pa^ from the zinc to the solution, i.e. 
the zinc gives positive ions to the solution, and must, therefore, 
become itself negatively charg<Sl relatively to the solution. We 
tlierefore say that the potential dififepnce between zinc and the 
ncrmal solution of zinc sulphate is -^0*512 volt. By adopting 
■the above method, errors both in the sign and in the value of 
the potential difference can be readily avoEied. 

Preparation of Electrodes !— copper and zinc electj;^d€s 
to be used m the following experiment are prepared ^^e'Mows ; 
Pieces of pure zinc and copper lod, about 3 cm. in length, are 
soldered to faiily thin, insulated copper wue, and then cemented 
into glass tubes by means of sealing-wax, care being taken that 
the soldered junction is completely protected by the^ivfflc. 
Before use, the zinc electrodes are amalgamated by placing 
them in dilute sulphuric acid and rubbing mercuiy over thenr 
with a mop of cotton- wool, after which they ara.uttl^Easb9d 
with distilled water. The copper electrodes, on the other 
hand, should first be cleaned by rubbing 'them with emery- 
paper or by dipping them in dilute nitiic acid, and then, after 
being washed, coated electrolytically with copper. For this 
purpose, the solution of copper sulphate used in the voltameter, 
p. 209, may be employed, a strip of copper being used as 
anode. In order to obtain a fine, adherent deposit, a small 
current density (not exceeding 0*5 amp. per 100 sq. cm. at 
the cathode) should be used. At least two electrodes should 
be prepared in the above manner from each metal ; and before 
use, the uniformity of each set of electrodes must be tested by 
determining whether they give any e.m.f. when immersed in 
the same solution of copper sulphate (in the case of the copper 
electrodes) or of zinc sulphate (in the case of the zinc elec- 
trodes). 

Testing the Uniformity of the Electrodes . — Fix the electrodes 
into tubes like the o'ne used for the standard electrode (p. 230, 
cf. Fig. 78), and fill the tubes with a solution of copper 
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sulphate (in the case of the copper e],j!ctrodes) and with a solu- 
tion of zinc sulphate (ui the case of the zinc electrodes). Deci- 
normal solutions of the salts nily be used for this puipose. 
Liquid l:onnection betweeai the electrodes is made by means of 
an intermediate solution of copper sulphate or of zinc sulphate 



Fit up the apparatus as shown in Fig. 75, p. 224, re- 
placing the cell Wa by the cell Cu | solution of CUSO4 \ Cu 
or the cell Zn | solution of ZnSOi I Zn connected in series with 
the standard cell Wi. By means of the two-way key, the point 
of balance on the bridge wire is determined, with the cell Wj 
alone in the ciicuit, and then for the cell Wj together with one 
of the above cells. If the two copper (or zinc) electrodes are 
uniform, the point of balance should be the same in the two 
cases, i.e. the cells Cu | solution of CuSOi | Cu .and Zn | 
solution of ZnSO^ [ Zn should exhibit no e.m.f. If, however, 
an e.m.f. of more than i millivolt should be found (for method 
of calculation, see p. 226), then the two copper (or zinc) 
electrodes should be, placed in a solution of copper sulphate 
(or zinc sulphate) and shoit-circuited for several hours or a 
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dayi until they no longe]^ give an e.in,f. when placed in the 
same solution. Only when this is the case should the elec- 
trodes be used for the following experiment : — 

Experiment. — Determine the Potential Dij^erence between 
Zme and a Solution of Zinc Sulfhate, and between Copper and a 
' Solution of Copper Sulphate. 

Having prepared uniform zinc and copper electrodes as 
described above, fix them into the electrode vessels £isji»fi5x^ 
and fill the latter with deci-normal solutions of zii^ sulphate 
and copper sulphate respectively. In order to determine the 
potei^tial difference between the metal and the solution, each 
electrode is combined separately with a standard calomel elec- 
trode (p. 2 28) by means of an intermediate soKition of potifSsium 
chloride (3-norm.) to form a galvanic cell in the manner shown 
in the diagram. Pig. 80, p. 233. 

The apparatus is fitted up as shown in Fig. tUb 

Weston cell W3 being replaced by the cell 

Z„|a.ZnSO.|KCl|i)^g,|H8 

OP Cu|iCuSO,|KCl|if,fgJ^|Hg 

As it will, in general, be unknown which is the positive and 
which the negative electrode of the above combinations, it will 
be more convenient to replace the two-way key (K^ m Fig. 75) 
by a set of four mercury cups (K'ain Fig. 81 ; cf. Fig. 77, p. 225) 
so that the connections can be leadily altered. Thus we obtain 
the following arrangement (Fig. 81) ; Assuming that the posi- 
tive pole of the working cell is connected with the end a of 
bridge wne, then the wire from the Moise tapping key M 
will remain permanently in the mercury cup 4, the positive 
(mercury) pole of the Weston cell will be permanently con- 
nected with cup 2, and the negative pole ..with cup i. With 
this cup also the sliding contact C will be connected. 
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By means of a piece of thick q^ipper wire with bent ends 
(amalgamated) make connection between the cups 4 and 2, 



Fio. 81. 

thus "putting the "Heston cell in the circuit. Determine the 
j)oint of balance on the bridge wire. Then connect the elec- 
trodes of the combination cell (S) with the cups i and 3, and 
place Rie'connectmg bridge between the cups 4 and 3, thus 
putting the cell S in circuit. If no point of balance can be 
obtained, i,s. if the mercury in the electrometer moves in one 
direction only, no matter where the sliding contact is placed, 
this shows that the wrong pole (the -|- pole) of the cell S has 
been connected with the sliding contact. Interchange, there- 
fore, the two wires from S, putting that which was previously 
in the cup i into the cup 3. It should now be possible to 
obtain a point of balance on the bridge wire. This also indi- 
cates which is the positive and which the negative pole of the 
cell S. ,If the e.m.f. of S is small, the point of balance will be 
near the end a of the bridge wire, and in this case the error in 
reading will be comparatively great. In this case, therefore, it 
is better to connect the cell S in series with the Weston, which 
is done by coimecting the negative pole of the cell S with the 
cup 2, while tlie positive pole is of course connected with the 
cup 3. The reading now obtained on the bridge wire coire- 
sponds with the suriT of the e.m.f.’s of the Weston and the cell S. 
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'X’ake several readings^ alternately, of the point of balance 
for the Weston alone and for the Weston plus the cell S. The 
e.m.f. of S is then obtained fi6m the equation (cf. p 226) — 
e.m.f. ofW + 9-_Ra ^ 

' e.m.f. of W Ri 

where R^ and Rj aie the readings for thecWeston plus S, and 
for the Weston alone, respeetively. Putting the value of the^* 
e.m.f, of the Weston equal to I'oig volts, we obtain— 

e.m.f. of S = X — I’oip volts 

From this, knowing the potential of the calomel electrode 
229), the potential between the copper and copper su{Jiha*te 
or zinc and zinc sulphate can be calculated (see p. 231). 

Further Measurements. — Having determined in the above 
manner, the electrode potentials — 

Zn I ^^-ZnSOj j and Cu j ii-CuS04 j 

determine, in the same way, the electrode potentials — 

Zn I — -ZnSOi I and Cu I -iL-CuSO, I 

1 100 1 1 100 I 

Further, determine the e.m.f. of two or more of the com- 
binations — 

Zn I i-ZnS04 1 KCl | ^-CuSO* | Cu 
Zn I ~-ZnS04 | KCl | --CuSOj | Cu 
Zn I f-ZnSO^ | KCl | ^-CuSO^ | Cu 
Zn I ^-ZnS04 1 KCl | j^-Ci^SO^ | Cu 
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and compare the values of the e.m.f.^ound with the sum of the 
electrode potentials as determined above. 

Influence of ConcentratiiJn. — It has already been re- 
marked that the potential difference between a metal and a 
solution of one of its salts aepends on the concentiation of the 
metal 1903 in the solution; and this difference will have already' 
become evident from the experiments just described. 

-^CL^e are dealing with completely ionized binary electro- 
lytes, thenji according to the theory, the change in the electrodp 
potential with concentration is given by the expression — 

. = .,+ 2-3O26gl0g.| 

where e is the potential diflfeience for the ionic concentration 
-C ; <?o that for the concentration Co j R is the gas constant 
^ S'32 V. absolute units); T the absolute temperature at 
which the measuiement is made; n the valency of the ion 
furnished by the electrode; F signifies i faraday (96,580 
coulombs), e must be taken with its proper sign ; and we see, 
therefore, that if the electrode potential is positive, it will be 
diminished by dilution, while if it is negative, it will increase 
with dilution, i.e. will become more negative. 

The numerical values of 2'3026 ato°, ig°, and 25° Cen- 
tigrade are as follows 




T 

a'3oa6 

273° 

0-0542 

273 + IS° 

00577 

273 -t- 2S° 

0-0591 


At the ordinary temperatures (i5°-2o'’) we can take the 
value as beiHg o'os8 volts. Hence it follows that if the metal 
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ion "is monovalent, a tei^-fold increase or diminution in the 
concentration of the metal ions will produce a change in the 
potential difference between'’ the metal and the solijtion of 
o’osS volts. If the metal ion is ^-valent, the^ corresponding 
cliange in the potential difference will be volts. 

The electrode potential ^of zinc in deci-normal and centij^ 
normal solutions of zinc sulphate, and of copper in corrgSf»5nd- 
ing solutions of copper sulphate, has already beet^measured. 
The values obtained should be compared with those required 
by the above theory. Since the ionic concentrations are not 
the same as the total concentrations, we should put C = ac, 
and Co = ooiTo, where a and oo are the degree of ionizatfcn'^at 
the concentrations (total concentrations of salt) c and c^. 

The values of a for the different zinc and copper sulphate 
solutions may be taken as follows ; — 


--ZnSOo : 


a = 0-39 


--ZnSO< : a = o'63 
^-CuSOo : a = o'37 


^-CuSOi : a = o'6o 

Experiment — Determine the Influence of Concentration on 
the Potential Difference between Stiver and Solutions of Stiver 
Nit! ate. 

Prepare two silver electrodes from stout silver wire, cement- 
ing them into tubes^as in the case of zinc and copper electrodes 
(p. 332). The electrodes should be coated ^with a fresh deposit 
of silver, and the uniformity of the electrodes mjist be tested 
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in the manner given for the zinc and jfopper electrodes (p. 232). 
The e.m.f. of the cells — 

.„d . Ag|j^.^NO.|,-KNO.|if|‘g^,|Hs 

shotd^hen be measured as described above. The degree of 
ionization 7»t 18° of silver nitrate may be taken as o’8i in the 
case of the deci-iiormal solution, and o'93 in the case of the 
centi-normal solution. 

^ An error of 2 millivolts may be allowed. Consider, there- 
fore, Hhe accuracy'"with which the solutions must be prepared. 

Concentration Cells. — Since the potential difference 
between a metal and Us solution depends on the concentration 
oT the iattc?7and since the e.m.f. of a cell depends on the 
differences of«potential at its poles (electrodes), it follows that 
if we have two electrodes of the same metal dipping in solu- 
tions of a salt of the metal of different concentrations, such a 
combination will possess an e.m.f. and can give rise to a 
current. A cell of this description, the e.m.f. of which is due 
to a diffeience in the concentration of the same electrolyte 
around the two electiodes, is known as a concentration cell?- ~ 
In such cases the e.m.f. is not merely equal to the sum of 
the electrode potentials as measured against a calomel electrode, 
but is given by the expression — 


when we aie dealing with a completely ionized binary electro- 
lyte. In the above equation, ^ represents the transport 
number of the anion, and n the valency of the metal ion j while 
‘ Strictly, a “ concentration cell with migration.” 
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Cl and Ca are the ionic cjjncentiations of the metal ions in the 
two solutions. 

Experiment. — DetermhiB the Concentration of Silver Ions 
in a given Solution. 

r In order to determine the concoitration of ^Iver ions in a 
• given solution, it is only necessary to measure the e.m.f. of a 
cell of the type — ■ ’ 

. I solution containing Ag’ I solution containing Ag*-+^ 

^ I of concentration Ci 1 of concentration's | ^ 

For the purpose of our experiment we may take a -solu- 
tion of silver nitrate as the solution in whicl^the concenjfation 
of silvei ions is to be determined. Prepare, therefore, the 
following cell — 

Ag I -^-AgNOs I /i-KNOs I ^-AgNOrf'Ag 

after the pattern of the cell shown m Fig. 8o, p 233. The 
silver electi odes should be prepared as described on p, 232, 
their uniformity being ascertained before they are employed 
for the measurements. The e.m.f. is then determined as in 
_the experiment, p. 238. Putting the transport number of the 
anion equal to o‘S3, the concentration of the silver ions in the 
—-solution is given by the equation — 

e = 0-53 X 2 X o'os8 logio 

wheie a is the degree of ionization of silver nitrate in — -solu- 
10 

tion (o-8i). Since the degree of ionization of silver nitiate in 
— - solution is o’93 at 18®, the value of * should be 0-0093. 
In this experiment an error of 3-10 per cent, in t^e value of * 
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is allowable. This laige error is permissible here partly on 
account of the eriors in the determination of the e.ra.f., and 
partly ijp account of the deviations of the solutions of the aboi^ 
concentration j^'orn the simple gas laws and dilution laws. 

Solubility Measurements.— An important application 
of the ipeasurements of the e.m.f. of concentration cells consists ’ 
in the determination of the solubiljty of sparingly soluble salts. 
To itljistrate this, the following experiment should be made : — 
Exper?ment. — Detei mine the Solubility of Silver Chloride 
tu Water. * 

For this purpose the following cell is fitted up— 

I AgCl 1 

m«.KClhs 

I lo I 

TSie silver ^trodes are prepared as in the previous experi- 
ment. To the solution of ^-KCl, surrounding one electrode, 

one or two drops of a silver nitrate solution are added, in order 
to give a precipitate of silver chloride. A saturated solution 

of silver chloride in ii-KCl is thus obtained. Determine the 
10 

e.m.f. of the cell in the manner described above. Representing.,, 
the e.m.f. by e, we have — 

e - 0-53 X 2 X 0-058 log„ — 

where x is the concentration of the silver ions in the — -solu- 

ro 

tion of potassium chloiide. Further, the concentration of the 
chloride ions is known, since it is equal to the concentration of 
Cl' in ^'KiCl solution. That is, it is approximately equal to 

I X lo-b , 

For a satijrated solution we have — 


Ag ^"-AgNO, 
100 
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cone, of Ag’ X cone/ of Cl' = solubility product = K 

The value of K is then foundrby multiplying the concentration 
o'f Ag‘ as given by the value of the e.m.f. of the abovd’ cell by 
i^X io~^ (or, more correctly, by thj^ number mCltiplied by the 
• . degree of ionization of potassium chloride in deci-normal solu- 
tion). Since in pure aqueous solution therconcentratidn of the 
silver ions is equal to the concentration of the chloride ions, 
it follows that the concentration of either is eqi^l to VK. 

>Further, if we assume, as we may, that the silver chloride at 
this dilution is completely ionized, then t/K also gives the 
concentration of silver chloride in the solution, i.e. the solubility. 

In this way, the solubility of silver cWoiide in a^uedJlis 
solution was found to be i'2 X io“' gm. equivalents per litre 
at 25°. ' 

As in the above experiment, the measurementfcjrere carrird 
out at loom temperature, and as the calculation h^s been carried 
out with approximate concentrations of the ions, deviations from 
the above value of the solubility to the extent of 5-10 per cent, 
may be allowed. 

Qas Cells. — In the case of the cells already discussed, we 
have been dealing with reveisible soluble electrodes. But by the 
^use of insoluble electrodes, e^. platinum, reversible electrodes 
can also be prepared whereby we are enabled to measure the 
e.m.f. of other reactions in which metal ions are not involved, 
e.g. combination of hydrogen and oxygen. Thus, for example, a 
platinum electrode surrounded by hydrogen or oxygefl gas and 
partly immersed in an electrolytic solution containmg PI' and 
0 " (or OH'),' acts as a reversible hydrogen or oxygen electrode, 
the potential of which depends on the concentration of the H' 
or 0 " (or OH') in the solution, as'well as on the pressure of the 
gas around the electrode. Cells of this nature, the e.m.f. of 
' The oxygen ions, O", are derived from a dissoclaUon of the OH' 
according to the equation 4 OH' ^ 2 O" + 2 H, 0 . <r 
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which is due to interaction between gases, are known as gas 
cells. Although, as already stated, the theory of these cells is 
the same as for the cells already described, several experiments 
should nevertheless be per^rmed with the gas cells on account 
of the importance of their applications. For this puipose we 
shall employ hydrogen electrodes. 

If we have a cell of the type- 



then the e.m.f. will be given by the equation (p. 239) — 

for temperatures between 15® and 20®. Whereas, in the cases 
previously s^udied, the value of ^ was but little different 
from o' 5 (cf. the silver ion concentration cell), the value of this 
ratio in the case of acid solutions approximates more nearly to 
O' 2, on account of the fact that the mobility of H' is very much 
greater than that of any anion. 

Calculating the value of the e.m.f. of the cell — 

Ha I o'i-«HCl I o'oi-«'HCl I K, 
we obtain, for temperatures between 15° and 20° — 
e = o'i7 X 2 X o'os8 logi, 

= o'i 7 X 2 X 0-058 login 9'49 
= 0-0193 volt. 

Experiment. — Determine the E.M.F. of a Hydrogen Con- 
centration Cell. 

Prefaration of the Electrodes.-^As electrodes, oblong strips 
of platinum foil may be used. The foil is welded to a piece of 
platinum wiilt, which is then sealed into a glass tube; and 
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electrical connection withrtlie outside circuit is made with the 
help of a small quantity of mercury. In order to obtain con- 
stant values of potential between electrode and solutipn, it is 
necessary or, at least, advisable, ^ coat the ^electrode with 
platinum black. This is best done electrolytically in the 
'manner described on p. 17 r. Further, since the amount of 
hydrogen absorbed will depend on the thickness of the coating, 
care should be taken that the deposits on the two electrodes to 
be used in the concentration cell are as nearly as possible the 
same. The current used in platinizing the electrodes should 
therefore pass for equal times in each direction. 

Before the electrodes are platinized, they should be cleaned 
by treatment for 5 minutes with a warm solution of potassium 
bichromate acidified with sulphuric acid, and then well washed 
with distilled water. After being platinized, the electrodes may 
be freed from occluded chlorine by ftttmersion fOr 
quarter of an hour in a mixed solution of ferrous and 
ferric salts acidified with sulphuiic acid. They are 
then thoroughly washed with distilled water, and kept 
in distilled water till required for use. 

IVhen platinum foil is used for the electrodes, many 
hours may be required for the equilibrium between 
the gas and the solution, and therefore foi a constant 
electrical potential, to be established. It is better 
therefore to employ thin films of platinum' on glass. 
These electrodes can be prepared in the following 
manner ; — " 

A piece of glass tubing (preferably of Jena glass), 
Fio. 82. of length and diameter adapted to the electrode vessel 
to be employed, is drawn out as shown in Fig. 82 ; 
the end of the narrow portion A being sealed, while the other 
end of the tube is left open. By means of a small brush, coat 

’ Iridium is still better. The iridium electrode can be prepared in a 
similar manner to the platinum one, r 
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the surface of the tube down to a with “ liquid platinum, ’’"'and 
warm the tube carefully in the hot air above a non-luminous 
Bunsen flame, meanwhile slowlynrotatmg the tube so that the 
coating becomes uniform. The liquid should then be slowly 
dried ofl!) by pkssing the t^ibe fairly rapidly through the loisfer 
portion of the flame, care being taken that the heating is not - 1 
so great as to cau^ the film to blister. As the drying pro- 
ceeds, the film becomes darker Di colour, and at last appears 
almost "black ; but care should still be exercised in the heating 
until white metallic platinum begins to make its appearance. 
The tube should now be heated more strongly •, and when all 
the organic matter has been burned away, the whole tube 
Shoui^ be raised,,to a bright red heat in the blow-pipe flame. 
Do not, however, heat so strongly that the glass v 
'softens and the tube becomes deformed. If the f 
<?oating has„pot been sufficiently burned on the 
tube it will probably peel off when used as an 
electrode. The proper amount of heating can 
only be learned by experience. 

If the deposit of platinum is too thin, another 
may be put on in the same manner, after allowing 
the tube to cool. When a satisfactory coating 
has been obtained, seal off the tube at a. 

The electrode is now cemented by means 
of sealing-wax or Chatterton compound into a 
narrower glass tube widened out at the end so 
as to fit ’down on the shoulder of the electrode; 
and the end of A must pass up through the 
cement to enable electrical contact to be made 
with a copper wire by means of a little mercury 
(Fig. 83). Before use, the electrode must be 
platinized as described above; and when notin use, should be 
kept in distilled water. 

TJie Electrode "Vessel. — For the purpose of the following 


V 

Fig. 83. 
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experiments, the most convenient form of electrode vessel is 
that shown in Fig. 84. consists of a fairly wide glass tube, 
A, into the bottom of which at bent glass tube, B, through which 
tlie gas can be passed, is sealed. The electrode E is fixed in 
thf tube by means of a rubber stopper, and conifection between 
• the electrolytes is established by means of the bent tube C, 
which is furnished mth a stop-cock, Tlfere is anotlier side 
tube, D, to which a small ve&sel, F, containing meiciuy to act 
as an air-trap, can be attached. ^ 

The electrode vessel can be most conveniently supported 
in a small brass clamp screwed into a block of wood (Fig. 85). 



This block of wood also carries a double terminal, T, to which 
the thin copper wiie from the electrode, and also the wire 
making connection with the rest of the ciicuit, can be 
attached. 

Carrying out the Measurement . — Prepare two solutions of 
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hydrochloric acid, one deci-normal^ the other centi-norTnal. 
Fill two electrode vessels with deci-normal HCl, and fix them 
in position in tlieir holders. TOth the stop-cocks on C open, 
and the exit tubes of F closed, pass hydrogen slowly into the 
electrode vessels through thereby forcing acid out througi^^C. 
Before entering the electrode vessels, the hydrogen should be^ - 
made to pass throfigh a solution of potassium permanganate, 
then through a saturated solutidh of mercuric chloride, and 
lastly thrqj^gh a solution of hydrochloric acid of the same 
strength as is contained in the electrodo vessel When the 
level of the acid in the latter has fallen to just above the 
level of the side tubes C, the stop-cocks are closed and 
file gas now allowed to escape through F. Continue the 
passage of the gas for about 30 minutes. In this way, the 
■greater portion of the electrodes is surrounded by hydrogen 
gas, while the lower end, about i cm. in length, dips into the 
acid. The supply of hydrogen is now cut off, and the elec- 
trodes allowed to remain suriounded by gas for some time, 
when it will probably be found that hydrogen is absorbed by 
the electrodes, as shown by the movement of the meieury in the 
trap-tubes F. If this is so, be careful not to allow air to enter 
the apparatus, and pass hydrogen again through the apparatus 
for 15-30 minutes, until the gas is no longer absoibed ^ 
appreciable amount by the electrodes. 

The ends of the side tubes C are now placed in a deci- 
normal solution of hydi'ochloric acid, the glass stop-cocks aie 
opened, ’and a measurement made to determine whether or not 
the cell possesses an e.m.f. due to difierence in the nature of the 
electrodes. If any e.m.f. is exhibited, the passage of hydrogen 
through the cell must be renewed, until no e.m.f. is shown. 
When this is the case, we may consider that the two electrodes 
are voltaically the same, and may then proceed to the measm-e- 
ment of the e.m.f. of a concentration cell. 

In one of the electrode vessels, the deci-normal hydrochloric 
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aci(f is replaced by centi-norraal acid, and hydrogen passed 
in as before, and the e.in.f. of the cell— 

defermined. While the measurement is being" made, hydrogen 
'may be passed in a slow stream through bqth electrode vessels, 
in which case the stop-cocks on C must remain closed;^ or 
the passage of the gas may be interrupted and the stop-cocks 
opened. The intermediate conducting solution ma^ be either 
deci- or centi-normal HCl, 

As the e.m.f. of this cell is small (see p. 243), it will be 
necessary to combine it either in series with or in oppositicys 
to the standard cell. Measurements of the e.m.f. should be 
made from time to time, say every quarter of an hour, until,, 
the e.m.f. is constant. The passage of hydrogen through the 
cell should be continued meanwhile. 

Tlie value of the e.m.f. thus found should be compared 
with the theoretical value; and, further, from the value 
obtained, the concentration of H' in the centi-normal solution 
should be calculated. Foi the degree of ionization of HCl we 
may take the following values ; — 

„ In deci-normal solution = 0*9 1, 

In centi-normal solution = 0-96. 

Ionization of Water. — ^Another hydrogen concentration 
cell may be studied, not only on account of the importance of 
the result, but also because it will afford us an opportunity 
of calculating the contact potential between two binary electro- 
lytes. This cell has the following construction ; — 

* If no vaseline is used on the stop-cocks and the latter are wetted by 
the acid solutions, the latter is generally sufiScient to ensure electrolytic 
connection and to allow of the passage of the current. When this is not 
so, the passage of the gas through the electrode vessel^ must be discontinued, 
and the stop-cocks opened. 
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Ha I acid solution | salt solution [ alkali solution | Hj’’ 
e.g. Ha 1 o-oi w-HCl 1 o-oi w-NaCl^ o'oi «-NaOH ] H, 

the sale solution being inseited between the acid and alkali to 
prevent altera'Son in tlie "concentration by the interaction of 
the latter. . ’ , ^ 

In accordance with the law of mass action — 

cone, of H- X cone, of OH' = cone, of HjO 

and as th^ concentration of the unionized water is large com- 
pared with the concentration of the ions, we can write 
k. cone, of HaO = K. Hence, cone, of H’ X cone, of 
OH K. NoWfi no matter how much the concentration of 
OH is increased, the aqueous solution must still contain a 
"dnite concentration of H*; and, consequently, in the above 
(^11 we hav.^ a hydrogen concentration cell, in which the 
concentration of H' on one side (alkali) is very small. 

In the case of the above cell, the e.m.f. which is measured 
is not equal merely to the sum of the electrode potentials, but 
includes also the contact potentials between the solutions of acid 
and salt, and alkali and salt. These potentials, unlike those 
between most simple salts (such as those previously studied), are 
by no means negligible, on account of the great difference tb 
the mobilities of the hydrogen and hydroxyl 10ns as compared 
with those of sodium and chloride ions. These contact 
potentials, can, however, be calculated as follows, assuming 
complete ionization of the electrolytes, and also equivalent 
concentration throughout — conditions which are very approxi- 
mately satisfied m the case of the above solutions. 

iRor the contact potential between two completely ionized 
binary electrolytes, giving only monovalent ions, we have — 
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Foi'‘a mean temperature of 18° this may be taken as equal to 
(cf. p. 237)— 

, 0-058 volt 

Ilf these formulae, and a" represent the mobilities of the 
cations, ii and »" those of the anions. ^ 

The mobilities of the i9ns with which we are concerned 
here, may be taken as — 

H- = 318 
Na- = 44-4 
Cl'= 65-9 

OH' =174 

• r 

From these numbers we obtain the following values of the 
contact potentials : — ■■ 

HCl - NaCl = 0-0314 volt * 

NaCl — NaOH = 0-0172 „ 

As these potentials both act in opposition to the electiqde 
potentials, the e.m.f. of the above cell will be less than the sum 
of the electiode potentials by 0-0486 volt (say 0-049 volt), and 
this number must therefore be added to the measured e.m.f, in 
,^der to obtain the e.m.f, of the concentration cell fieed from 
the contact potentials between the liquids. 

For the determination of the concentration of H’ in the 
alkali solution, therefore, we obtain — 

+ 0-049 = o’oSS logio “ 

<9 

where iris the e.m.f. nieasuied. 

From the determination of the e.m.f. of the above cell, 
then, we obtain the concentration of H- in the alkali j from the 
known concentration of the alkali (o-oi noimal) we obtain the 
concentration of OH', by multiplying by tli^e degree of ioniza- 
tion (0-92). Hence, we can calculate the value of, the product 
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Ch- X Con, = K.. Since in pure water Ch- = Cqh', it folltows 
that Ch- = Cqh' = ■v^K, which gives Js the degree of ionization 
of water. At 18°, Ch- = Coh- = ^approximately) i x lo"^. 

Experiment. — Determine the E.M.F. of the Cell— ’ 

Ho I o-oi «-HCl j o-oi «-NaCl | 0-91 «-NaOH | H, “ 

and calculate therefibm the degree of ionization of water. The 
measurement is carried out in Exactly the same manner as 
described .Jor the simple hydrogen concentration cell (p. 246) 
Use sodium hydroxide free from carbonate (p. 197). 

By means of similar cells one can also measure the degree 
of hydrolysis of salts. Thus from determinations of the 
H.M.S'. of the ceHs — 

Hs|o'oi «-HCl|o'oi «-NaCllo*oi «-aniline hydrochloridelHg 
Holo'ooi «-HCllo‘ooi «-NaCllo‘ooi «-sodium acetatejHa 

one can calculate the concentration of hydrion and hydroxidion 
in the solutions of aniline hydrochloride and sodium acetate 
respectively, and therefrom the degree' of hydrolysis of the 
salts. 

Decomposition Potential of Salts. — When a dilute 
solution of zinc sulphate is electrolyzed between platinum 
electrodes, zinc is deposited on the cathode and oxygen 
-liberated at the anode. We thus obtain a cell of the type 
Zn|solution|Oa, and this cell exhibits a certain E.M.F. due to 
the tendency of the zinc and oxygen to pass back into the 
ionic state. The E.M.F. of the cell acts in the opposite 
direction to that of the electrolyzing current. In order, there- 
fore, that continuous electiolysis may take place, an E.M.F. 
must be applied to the electrodes sufficient to overcome the 
back E.M.F. of the pioducts of electrolysis, and the potential 
which is just sufficient to produce continuous electrolysis is 
called the decompos^ion potential of the salt. It will obviously 
be equal to lyre sum of the electrode potentials plus the bath 
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potential, or the potential fall between the electiodes, which is 
given by the expression ^I.R. where I is the current passing, 
and R the resistance of the a'ectrolyte between the electrodes. 

■" Since the electrode potential, as we have alreaify seen, 
depends on the concentration of /he ions in Che solution, so 
. also the decomposition potential will depend on the concen- 
tration. 

I'he decomposition potefitial of a salt can be most simply 
determined by measming the current which passes when an 
E.M.F. of gradually in- 
creasing strength is ap- 
plied to the electrodes. 
At lisst, an almos#; con- 
stant and very small cur- 
rent, the residual currenf^ 
is obtaine4, but after tlrs 
applied E.M.F. reaches 
a ceitain value, the cur- 
rent begins rapidly^ to 
increase with increase 
in the applied E.M.F. 
The point where this 
^ E.M.F. rapid increase in the 

Fig. 86. , . , • 

electrolyzing current 

commences, is the decom^osiHon poteniial of the particular 
solution. If one plots the current strength against the applied 
E.M.F. a curve such as is shown in Fig. 86 is obtained. 1:1111,60 
the break in the curve is not sharp, the value of the decomposi- 
tion potential is obtained by producing the almost horizontal 
branch to cut the production of the almost vertical branch. 

It is frequently also desired to obtain the value of the 
discharge potential of the anion and cation separately. This 
can readily be effected with the help of an^auxiliary electrode, 
as described below. 




MEASUREMENTS OF ELECTROMOTIVE FORCE 253 

Experiment — Determine the Decomposition Potential of a 
Solution of Zinc Sulphate. 

Th^ apparatus is fitted up sft shown diagrammatically jn 
Fig. 87. Two lead accummulators are closed tlirough the 
resistance R furnished witlj^a sliding contact. A is a milliaiu- 
meter, (urnished with a shunt enabling readings to be taken ’ 
up to o'2 or 0-3 ampere. C is the electrolytic cell (a beaker) 
in which two platinum electrodes -are placed. V is a high 

resistance Voltmeter. A solution of — zinc sulphate may be 
employed. 

The sliding contact is first placed near the end a of the 



resistance so that only a small E M.E. is applied to the 
electrodes of the electrolytic cell, and the current passing is 
read on the milliammeter. The applied E.M.F. is read on the 
voltmeter V. The sliding contact is then moved m steps 
towards the end h of. the resistance, and at each point the 
current passing is read on A, and the applied E.M.F. on V. 
These corresponding values are plotted as shown in Fig. 
and the value of Jhe decomposition potential read from the 
curve. , 
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The correction for th^^fall of potential in the Sell may also 
be applied. 

^ Further ExmmM.-mTsZ—-£>eie>-mine the Decon^osiiion 
Potential of Copper Sulphate {in Ded-norvta^ ■Solution'), of 
Silver Nitrate {Deei-mmiat), and ^ Potassium Silver Cyanide 
' {Stiver Nitrate with Excess of Potassium Cp’anide). 

Experiment. — Determine the Discharge Potential of 
Zincion and Sulphanton m a Solution of Zinc Sulphate. 

The apparatus is fitted up as shown in Figr 88. The 
circuit with resist- 
ance and ammeter 
is as in the previous 
eiJJieriment. Ej and 
E, are tw'o stan- 
dard electrodes* 
HglH^aSOi iS 
«-H2S04|, the side- 
tubes of which are 
placed in the soiu- 
tion of zinc sulphate, 
quite close to the 
cathode and anode. 

PIG. »8. 2y means of the 

sliding contact, different potentials are applied to the electiodes 
of the cell C, and the current is read on the ammeter A. At 
the same time one determines the E.M.F, of the combinations — 



Standard ElectrodejsolutionlCathode of Cell 
a b 

Standard Electiodelsolutionj Anode of Cell 
d b' 

by means of the ordinary Compensation method (p. 214). 

By subtracting from the values so found, the potential 
of the standard electrode, one obtains the potantial of the 
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cathode and anode respectively. ^The values so obtamed 
for different values of applied E.M.F. are plotted against the 
current^and one obtains two curtres, one for the cathode and 
one for the a]^ode, similar to that shown in Fig. 86. The 
break in the curve corresj%nds to the discharge potential wf 
the catipn and anion, and by adding these values the decom- ' 
position potential of the salt is obtained. 

The potential of the standard mercurous sulphate electrode 
used above* is + o'9S6 volt, the mercury being positive to tire 
solution. 

Rejerenccs. — For solubility determinations: Goodwin, Zeitschr, 
phystM. Chm., 1894, 18 , 577 j Abegg and Cox, tbid. 1903, 16 , i. For 
stability of complex iftis : Bodlander and Fittig, Zettschr. physikal, Chem,^ 

1 90a, 39 , S97 . For determinations of hydrolysis of salts • Denham, Trans. 
Chetn. Soc., 190S, 93 , 41. For decomposition potentials: Bennewitz, 
^tiischs . phystkgl. Chem., 1910, 72 , 202. 



